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ABSTRACT 


An  investigation  has  been  carried  out  into  the  previously 
reported  relationship  between  single  cell  transmembrane  electrical 
activity  of  cat  papillary  muscle  and  the  glucose  concentration  in 
the  bath  medium.  The  present  investigations  carried  out  in  the 
guinea  pig  papillary  muscle  have  shown  that  the  duration  of  the 
action  potential  is  dependent  primarily  on  the  glucose  concentration 
present  in  the  bath  medium  rather  than  on  the  oxygen  content.  The 
force  of  contraction  on  the  other  hand  has  been  shown  to  be  depend¬ 
ent  primarily  upon  the  oxygen  content.  When  papillary  muscle  was 
incubated  in  Krebs  solution  containing  0  mM  or  5  mM  glucose  it 
was  found  that  a  decrease  occurred  in  both  the  action  potential 
duration  and  in  the  force  of  contraction  regardless  of  whether  the 

medium  was  equilibrated  with  95%  0  : 5%  CO  or  957,  N  : 5%  CO  or  an 

2  2  2  2 

intermediate  mixture,  60%.  N0:357,  0~:57>  CO  .  The  decreases  occurred 

2  2  2 

more  slowly  in  the  presence  of  oxygen  but  were  qualitatively  similar 
to  those  occurring  in  its  complete  absence. 

The  presence  of  glucose  in  the  medium  prevented  the 
decrease  in  the  action  potential  duration  to  an  extent  which  was  con¬ 
centration  dependent.  At  a  glucose  concentration  of  50  mM  the 
action  potential  duration  remained  at  control  level  despite  many 
hours  of  incubation  of  the  muscle  in  the  absence  of  oxygen.  The 
mechanical  activity  however,  could  not  be  maintained  at  control 
level  although  a  reduced  mechanical  activity  (10-157,  of  control) 
was  maintained  for  several  hours.  Similarly,  if  the  concentration 
of  glucose  in  the  bath  was  raised  above  40  mM  an  action  potential 
duration  which  was  reduced  could  return  to  normal.  This  effect  of 
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glucose  on  the  action  potential  duration  formed  the  basis  for  most  of 
the  subsequent  investigation. 

Phlorizin  was  found  to  reduce  the  effect  of  glucose  on  the 
action  potential  duration.  The  results  also  demonstrated  pre¬ 
sumptive  evidence  of  competitive  antagonism  between  glucose  and 
phlorizin.  Although  insulin  possessed  little  or  no  activity  itself, 
it  consistently  prevented  the  phlorizin  inhibition  of  the  effect  of 
glucose  on  the  action  potential  duration. 

In  contrast  to  an  earlier  report  it  was  found  that  non- 
metabolizable  sugars  (D-xylose,  2-deoxyglucose ,  L-arabinose,  3-0- 
methylglucose,  D-galactose,  L-glucose,  OL  -methyl-D-glucoside ,  and 
sucrose)  could  not  replace  glucose  in  maintaining  the  normal  trans¬ 
membrane  electrical  activity  of  papillary  muscle.  These  findings 
indicated  that  glucose  transport  per  se  or  the  intracellular  accumu¬ 
lation  of  free  glucose  could  not  explain  its  effect  on  cardiac 
electrical  activity.  At  this  stage  it  appeared  that  some  aspect 
of  glucose  metabolism  was  responsible  for  its  action  on  cardiac 
electrical  activity.  Experiments  were  therefore,  carried  out  with 
a  variety  of  agents  which  accelerate  or  depress  various  phases  of 
carbohydrate  metabolism.  It  was  thus  shown  that  gL ycolysis- 
stimulating  agents  such  as  adrenaline,  noradrenaline,  isopropyl- 
noradrenaline,  or  aminophylline  were  able  to  increase  the  action 
potential  duration  of  muscles  incubated  in  Krebs  solution  contain¬ 
ing  0  or  5  mM  glucose.  The  sympathomimetic  amines  were  found  to 
produce  a  greater  effect  in  the  presence  of  glucose.  A  correlation 
was  found  between  the  sympathomimetic  amine  induced  increase  in 
action  potential  duration  and  increase  in  mechanical  activity  of 
papillary  muscle.  Isopropylnoradrenalin ,  and  noradrenaline  were 
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found  to  be  approximately  4.4  and  1.45  times  as  potent  as  adrenaline 
when  their  effect  on  action  potential  duration  was  measured.  It 
was  also  observed  that  the  sympathomimetic  amine  (methoxamine)  which 
is  ineffective  in  increasing  phosphorylase  a,  and  hence  glyco- 
genolysis,  was  also  ineffective  in  increasing  the  action  potential 
duration.  The  effect  of  the  sympathomimetic  amines  on  the  action 
potential  duration  was  blocked  by  beta-adrenergic  blocking  agents, 
acetylcholine,  and  probable  glycogen  depletion,  but  not  by  alpha- 
adrenergic  blocking  agents.  The  effect  of  aminophylline  on  the 
action  potential  duration  was  not  blocked  by  beta-adrenergic  blocking 
agents . 

Inhibitors  of  glycolysis,  such  as  iodoacetate  and  2-deoxy- 
glucose  produced  a  reduction  in  the  action  potential  duration  and 
effectively  blocked  the  effect  of  glucose  on  the  action  potential 
duration.  However,  the  reduction  in  the  action  potential  duration 
produced  by  these  inhibitors  of  glycolysis  was  reversed  by  pyruvate 
in  the  presence  of  oxygen.  Iodoacetate  and  2-deoxyglucose  were  also 
found  to  block  the  effect  of  sympathomimetic  amines  on  the  action 
potential  duration.  Similarly,  agents  which  are  thought  to  block 
aerobic  metabolism  (sodium  cyanide)  or  uncouple  aerobic  phospho¬ 
rylation  (2,4-dinitrophenol)  produced  a  reduction  in  the  action 
potential  duration  which  could  be  fully  reversed  by  glucose  but  not 
by  pyruvate. 

The  impression  that  the  transmembrane  electrical  activity 
of  papillary  muscle  was  closely  linked  to  the  energy  produced  by 
the  anerobic  metabolism  of  glucose  was  intensified  by  experiments 
in  which  the  ability  of  the  membrane  to  utilize  adenosinetriphosphate 
was  impaired  by  ouabain  or  calcium  ion.  These  adenosinetr iphosphatase 
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inhibitors  produced  a  decrease  in  the  action  potential  duration  which 
could  be  reversed  by  glucose  only  at  low  concentrations  of  the 
inhibitors.  Ouabain  in  lower  concentrations  was  found  to  increase 
the  action  potential  duration.  These  agents  were  also  found  to 
decrease  the  effects  of  glucose,  aminophylline,  and  INA  on  the  action 
potential  duration.  No  direct  correlation  between  action  potential 
duration  and  mechanical  activity  could  be  made  as  a  result  of  these 
experiments.  With  sympathomimetic  amines  and  aminophylline  the 
increase  in  action  potential  duration  was  associated  with  an  increase 
in  the  mechanical  activity,  while  with  the  adenosinetriphosphatase 
inhibitors  the  increase  in  the  mechanical  activity  was  always 
accompanied  by  a  decrease  in  the  action  potential  duration.  In¬ 
hibitors  of  glycolysis  completely  blocked  the  effect  of  sympatho¬ 
mimetic  amines  on  the  action  potential  duration  but  their  effect  on 
the  mechanical  activity  was  only  partially  blocked. 

As  a  result  of  these  studies  it  is  proposed  that  the  utili¬ 
zation  of  the  adenosinetriphosphate  produced  during  anaerobic 
glycolysis  is  largely  restricted  to  the  activities  of  the  cardiac 
cell  membrane  as  apposed  to  contractile  activity.  Whether  this  is 
accomplished  as  a  result  of  localization  of  part  or  all  of  the 
glycolytic  enzymes  in  the  membrane  is  not  known  but  must  be  con¬ 
sidered  a  strong  possibility.  A  tentative  model  to  explain 
membrane  ion  transport  in  terms  of  adenosinetriphosphate  production 
and  utilization  is  presented. 
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INTRODUCTION 

I.  GENERAL  INTRODUCTION 

The  literature  accumulated  so  far  provides  ample  evidence 
that  the  transport  of  substances  across  the  cell  membrane  is  insepar¬ 
ably  linked  with  metabolic  processes.  Individual  views  differ  as  to 
the  detailed  mechanism  by  which  the  cell  affects  this  linkage. 

Whatever  may  be  the  differences  in  views  the  main  barrier  to  be 
overcome  is  the  intricate  problem  of  the  transport  phenomenon. 

Several  studies  carried  out  on  the  effects  of  anoxia,  sub¬ 
strate  depletion  or  metabolic  inhibitors  on  cardiac  muscle  have 
demonstrated  relationships  between  metabolism,  transmembrane 
electrical  activity  and  contractility  (Trautwein  et  al.,  1954; 

Trautwein  and  Dudel,  1956;  Webb  and  Hollander,  1956;  de  Mello,  1959; 
Lullman,  1959;  Boulpaep,  1959;  Gargouil  et  al.,  1959;  Wallon  et  al . , 

1960;  Kleinfeld  et  al.,  1961;  Kleinfeld  et  al.,  1962;  Fleckenstein, 

1964;  and  MacLeod  and  Daniel,  1965).  One  of  the  early  reactions  of  the 
myocardium  to  a  decrease  of  the  intracellular  high  energy  phosphate 
concentration  consists  of  an  abbreviation  of  the  action  potential  duration. 
Subsequently  there  are  variable  changes  in  overshoot  and  resting 
potential.  Restoration  to  normal  conditions  reverses  this  effect  under 
most  circumstances.  Added  adenosine  triphosphate  (ATP)  can  prolong  the 
action  potential  of  the  frog  myocardium  previously  shortened  by  incubation 
of  the  muscle  in  Ringer's  solution  containing  high  concentrations  of  Mg++ 
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or  K+  (Kotowski  et  al.,  1959  ;  and  Antoni  et  al.,  1962).  Although 
the  mechanism  is  certainly  not  clear,  one  may  speculate  that  such  an 
abbreviation  of  the  action  potential  duration  is  an  act  of  economy  if  the 
cardiac  energy  balance  tends  to  become  negative. 

Trautwein  and  Dudel  (1956)  and  Webb  and  Hollander  (1956) 
reported  that  depression  of  metabolism  in  cardiac  muscle  resulted 
in  a  more  rapid  repolarization  which  they  interpreted  as  an  acceleration 
of  potassium  efflux  during  activity.  This  could  explain  the  loss  of 
plateau  if  potassium  accumulation  in  the  interstitial  fluid  which  is 
also  a  consequence  of  metabolic  depression,  initiated  an  increase 
in  potassium  permeability  which  is  believed  to  cause  repolarization 
(Weidmann,  1956)  .  The  loss  of  plateau  due  to  metabolic  depression 
was  also  reported  by  Hoffman  and  Suckling  (1954)  who  assumed  mainten¬ 
ance  of  the  plateau  phase  of  the  action  potential  to  be  dependent  upon 
metabolic  energy.  Webb  and  Hollander  (1956)  proposed  that  ATP  binding 
might  influence  the  permeability  characteristics  of  the  membrane 
in  such  a  manner  that  reduced  ATP  binding  would  result  in  a  greater 
potassium  efflux  during  activity  but  not  during  rest. 

Recently  it  has  been  shown  by  MacLeod  and  Daniel  (1965)  that 
in  cat  papillary  muscle  exposed  to  anoxic  conditions  in  Krebs 
solution  containing  5  mM  glucose,  there  is  a  marked  reduction  in 
the  action  potential  duratkn  (APD) .  They  demonstrated  that  this 
effect  of  oxygen  lack  could  be  prevented  or  reversed  by  an  elevation 
of  the  glucose  concentration  to  50  mM,  and  that  this  effect  was  not 
due  to  an  osmotic  effect  of  glucose.  In  addition  they  reported  that 
this  effect  of  glucose  could  be  partially  duplicated  by  D-xylose  and 
2-deoxyglucose .  Since  these  sugars  are  thought  to  be  transported  by 
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the  glucose  transport  system  in  the  heart  (Park  et  al.,  1959; 

Henderson,  1964;  and  Fisher  and  Zachariah,  1961)  in  the  rat 
diaphragm  (Battaglia  and  Randle,  1960) ,  but  not  metabolized  to  any 
extent,  it  appeared  that  the  effect  of  glucose  was  not  mediated  by  a 
change  in  metabolic  activity.  Webb  and  Hollander  (1956)  also  reported 
that  the  effect  of  glucose  on  the  transmembrane  action  potential  of 
cardiac  muscle  was  independent  of  a  generalized  metabolic  effect. 

A  carrier  mediated  sugar  transport  system  has  been  identified 
in  cardiac  and  skeletal  muscle  by  Morgan  et  al.  (1964).  The  model 
for  this  transport  system  includes  the  complexing  of  a  sugar  with  a 

carrier,  the  movement  of  the  complex  through  the  membrane,  and  the 

-  .•  * 

release  of  the  sugar  at  the  inner  surface  of  the  membrane.  The  whole 
process  is  a  reversible  one.  It  was  suggested  by  MacLeod  and  Daniel 
(1965) ,  that  since  free  glucose  may  not  accumulate  in  the  cell  due  to 
rapid  phosphorylation  at  a  low  extracellular  glucose  concentration 
in  either  aerobic  or  anaerobic  conditions,  the  carrier  must  return  to 
the  outer  surface  of  the  membrane  empty  or  in  combination  with  some 
other  substance.  At  higher  extracellular  glucose  concentrations, 
free  glucose  accumulates  in  the  cell, (Morgan  et  al.,  1960)  and  hence 
inward  and  outward  transport  of  glucose  utilizing  the  carrier  would 
eventually  approach  equilibrium  and  such  a  situation  may  occur  with 
50  mM  glucose  under  anaerobic  conditions.  If  the  carrier  can  be 
modified  in  some  manner  as  suggested  by  Daniel  (1964)  to  carry  more 
than  one  molecule,  it  is  possible  that  an  interrelationship  could 
exist  between  glucose  and  potassium  transport.  According  to  the 
proposal  of  MacLeod  and  Daniel  (1965)  ,  increased  potassium  efflux 
during  anoxia  in  Krebs  solution  containing  5  iriM  glucose,  might  be 


due  to  the  increase  in  the  number  of  carrier  units  at  the  intracellular 
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surface  of  the  membrane  due  to  the  increased  uptake  and  utilization 
of  glucose  which  accompanies  anoxia.  At  a  higher  concentration  of 
glucose,  free  intracellular  glucose  accumulates  and  back  transport 
occurs;  there  is  thus  a  decrease  in  the  number  of  carrier  units  for 
potassium  efflux  leading  to  a  slowing  of  the  rate  of  repolarization. 
With  nonmetabolized  sugars  (D-xylose  and  2-deoxyglucose)  transport 
would  be  in  both  directions  and  hence  they  would  produce  an  effect 
similar  to  glucose.  MacLeod  and  Daniel  (1965)  therefore  suggested 
that  the  transport  of  sugars  was  in  some  way  related  to  the  transport 
of  potassium. 

The  concept  of  mobile  carrier  transport  is  generally 
accepted.  The  movement  of  substrate-carrier-complex  is  always 
downhill  even  though  the  substrate  itself  may  be  moving  against  its 
electrochemical  gradient.  Although  most  of  the  proposed  carrier 
models  have  been  designed  to  account  for  the  movement  of  ions  against 
their  electrochemical  gradient,  no  specific  evidence  has  been  found 
to  deny  the  participation  of  carriers  in  passive  ion  movements 
(Singer  et  al.,  1966).  Wilbrandt  and  Rosenberg  (1961) 

stress  that  there  is  no  unequivocal  way  of  proving  that  a  flux  does 
not  involve  a  carrier.  They  noted  that  passive  ion  fluxes  are  more 
than  simple  diffusion  and  one  may  speculate  that  carriers  are  involved. 

In  view  of  the  conflicting  views  regarding  the  increased 
rate  of  repolarization  as  a  result  of  depressed  metabolism  and 
since  carriers  may  be  involved  in  passive  ion  fluxes,  a  detailed 
investigation  has  been  carried  out  which  has  resulted  in  an  unitary 
carrier  hypothesis.  The  model  presented  may  explain  the  maintenance 
of  a  prolonged  action  potential  duration  in  cardiac  muscle. 
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II. 


IONIC  HYPOTHESIS  OF  REPOLARIZATION 


The  cell  membrane  of  mammalian  cardiac  muscle  cells  may  be 
characterized  by  three  interrelated  observations.  (1)  The  membrane 
separates  an  intracellular  solution  having  a  high  potassium  and  low 
sodium  concentration  from  an  extracellular  solution  with  a  high 
sodium  and  low  potassium  concentration.  (2)  Potassium  and  sodium 
ions  can  be  shown  with  radioactive  tracer  technics  to  be  continuously 
passing  into  and  out  of  the  cell;  hence  the  cell  membrane  is  permeable 
to  them.  (3)  An  electrical  potential  difference  of  80  to  90  milli¬ 
volts  can  be  measured  across  the  cell  membrane  of  quiescent  heart  muscle 
cells  by  the  use  of  intracellular  microelectrodes.  In  spite  of  the 
fact  that  the  membrane  is  permeable  to  these  ions,  the  inside  com¬ 
position  is  maintained.  Sodium  ions  leave  the  cell  by  some  "pump" 
process.  Sodium  outflux  takes  place  against  an  electrical  gradient 
and  a  concentration  gradient  and  requires  metabolic  energy.  In  the 
case  of  potassium  ions  the  force  from  the  concentration  gradient  is 
balanced  by  the  force  from  the  electrical  potential  gradient.  The 
movement  of  ions  by  active  transport  requires  the  expenditure  of 
energy  which  is  supplied  by  the  breakdown  of  ATP  within  the  cell.  The 
transport  of  cations  across  the  membrane  requires  the  presence  in  these 
membranes  of  sites  which  are  capable  of  transient  binding  of  these  ions. 
Since  active  cation  transport  has  been  shown  to  be  linked  to  ATP 
breakdown,  the  binding  of  the  cations  should  be  dependent  on  ATP. 

It  is  generally  agreed  that  movements  of  ions  are  responsible  for  the 
cardiac  action  potential  (Weidmann,  1961) .  An  inward  movement  of 
sodium  ions  (Na+)  is  responsible  for  depolarization  and  outward 
movements  of  potassium  ions  (K+)  for  repolarization. 
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A  schematized  cardiac  action  potential  of  the  ventricular 
muscle  cell  is  shown  in  Fig.  1. 


The  various  phases  of  the  action  potential  are  labelled  as  follows: 
(0)  initial  rapid  depolarization;  (1)  early  rapid  repolarization 
(spike);  (2)  slow  repolarization  (plateau);  (3)  terminal  rapid 
repolarization;  (4)  diastolic  phase  (Hoffman  and  Cranefield,  1960). 


. 


7 


Various  hypotheses  of  repolarization  have  been  proposed.  The 
study  of  repolarization  in  cardiac  cells  has  led  to  a  great  deal  of 
speculation  as  to  the  associated  ion  movements.  The  duration  of  re¬ 
polarization  in  a  cardiac  muscle  cell  is  a  thousand  times  as  long  as  that 
in  a  nerve  cell.  Weidmann  (1951)  suggested  that  a  long  delay  in  the 
inactivation  of  sodium  conductance  (gNa)  or  a  retardation  of  the  rise 
in  potassium  conductance  (gK)  following  depolarization  might  be 
responsible  for  the  prolonged  duration  of  repolarization.  He  concluded 
that  the  prolonged  duration  of  repolarization  is  due  to  a  rapid  but 
incomplete  inactivation  of  gNa  and  a  slow  rise  in  gK.  Applying  long 
pulses  of  depolarizing  current  to  a  Purkinje  fibre  in  a  sodium  free 
solution  Hutter  and  Noble  (1960)  found  a  slow  decrease  of  membrane 
resistance  that  was  complete  at  the  end  of  a  few  tenths  of  a  second. 

This  change  might  be  responsible  for  repolarization  if  it  is  attributed 

to  a  rise  of  gK,  thus  resulting  in  a  stronger  outward  current  of  K+. 

42 

The  finding  of  a  strong  outward  current  of  tracer  potassium  (K  )  during 

the  phase  of  membrane  repolarization  by  Wilde  (1955)  would  seem  to  be 

in  agreement  with  the  electrical  data. 

Weidmann' s  observation  in  1956  suggested  a  mechanism  for  a 

rise  in  gK  and  consequent  repolarization  of  cardiac  fibres.  He  observed 

that  an  injection  of  high  potassium  solution  during  the  prolonged  action 

potential  of  the  cooled  turtle  heart  produced  shortening  of  the  action 

potential  duration.  Based  on  this  finding  he  suggested  that  normal 

“f" 

repolarization  might  result  from  accumulation  of  K  outside  the 
membrane([  K+  ]  q)  during  the  prolonged  depolarization.  However  he 
rejected  this  idea  because  rough  calculations  indicated  that  [K+ ]  ^ 
would  increase  about  0.6  ThM  during  the  action  potential  but  that  a 

i. 

[K  ]  of  10  to  30  times  normal  was  required  to  produce  an  appreciable 
shortening  of  the  action  potential  duration.  However  this  mechanism 
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cannot  be  definitely  excluded  because  calculations  based  on  histological 
findings  show  that  the  interstitial  space  within  the  strands  is  small 
enough  to  cause  a  rise  of  10  mM  [  K+  ]  during  the  action  potential  if 
all  K+  leaving  the  cells  stays  in  this  space  (Woodbury,  1962) .  This 
increase  in  interstitial  [  K1"  ]  ^  must  increase  gK  or  gCl  or  decrease  gNa 
in  order  to  induce  early  repolarization.  The  increase  in  gCl  is  an 
unlikely  explanation  because  repolarization  occurs  in  Cl-free  media. 
(Hutter  and  Noble,  1959) .  Carmeliet  (1960)  was  able  to  demonstrate  that 
an  increase  in  extracellular  K+  concentration  caused  a  drop  in  membrane 
resistance  that  could  be  interpreted  as  a  rise  of  gK.  The  effect  is 
most  pronounced  near  -40  mv;  i.e.,  in  the  region  of  the  plateau  of  the 

action  potential  of  a  Purkinje  fibre.  He  also  measured  the  influx 

42  .  + 

and  outflux  of  K  using  extracellular  solutions  of  different  K  con¬ 


centrations.  He  was  able  to  establish  that  the  rate  of  influx  as  well 
as  outflux  became  larger  when  the  outside  K+  concentration  was  increased, 


again  suggesting  a  rise  of  gK. 

Hoffman  and  Cranefield  (1960)  have  proposed  a  more  general 
hypothesis  of  repolarization,  that  gK  or  (P^)  is  inversely  proportional 
to  the  gradient  of  electrochemical  potential  acting  on  K+ ;  i.e., 

depolarization  decreases  gK.  Therefore  a  high  [  KT*-  ]  would  result  in  a 
less  negative  equilibrium  potential  for  K,  which  in  turn  would  result 
in  a  decrease  of  the  difference  between  the  actual  membrane  potential 
during  repolarization  (near  zero)  and  the  potassium  equilibrium 
potential.  This  difference  being  the  measure  of  the  driving  force  on 
K+,  a  decrease  of  this  difference  would  result  in  an  increase  in  P,  and 


gK. 

Shanes  (1958)  suggested  that  the  inward  movement  of  Na~*~  and 
the  outward  movement  of  K+  interact  when  the  two  fluxes  are  of  the  same 
order  of  magnitude.  Such  interaction  would  occur  if  Na+  and  K'  moved 
through  the  membrane  in  file  in  the  same  pore  but  in  opposite  directions 
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(Hodgkin  and  Keynes,  1955).  Therefore  an  increase  in  [  K  ]  could  lead  to 
a  decrease  in  gNas  accounting  for  the  early  repolarization  during  the 
plateau.  Shanes  also  suggested  that  gK  decreases  continuously  throughout 
slow  diastolic  depolarization,  the  succeeding  rapid  upstroke  and  the 
plateau  phase,  and  then  increases  rapidly  at  the  time  of  rapid  repolari¬ 
zation.  Similarly  Coraboeuf  et  al.  (1958b)  working  with  guinea  pig 
ventricle  suggested  that  K+  can  use  the  Na+  channels  to  a  limited  extent 
and  so  gNa  and  gK,  initially  high,  fall  simultaneously.  As  inactivation 
proceeds,  gNa  and  gK  would  fall  in  parallel  until  gK  approaches  its 
resting  level.  After  that  gK/gNa  would  rise  rapidly  and  cause  a  rapid 
repolarization. 

The  data  regarding  the  changes  in  exchange  of  Na"1"  and  K+  with 
activity  of  cardiac  muscle  are  far  less  definite  and  quantitative  (Conn 
and  Wood,  1959;  Humphrey  and  Johnson,  1960;  and  Grupp,  1963)  but  there 

is  an  increased  exchange  of  both  sodium  and  potassium  during  activity. 

42 

Wilde  (1957)  demonstrated  a  pulsatile  release  of  K  from  the  perfused 
coronary  system  of  turtle  heart.  Lorber  et  al.  (1962)  found  similar 
phenomena  with  frog  ventricular  strips. 

It  is  likely  therefore  that  the  following  mechanisms  operate 
for  bringing  about  repolarization  in  the  heart  muscle;  (A)  outflux  of  K 
ions  during  plateau;  (B)  accumulation  of  K  ions  in  a  narrow  space  around 
the  fibres;  (C)  increase  of  gK  as  a  result  of  increased  extracellular  K+ 
concentration;  (D)  increase  in  the  rate  of  K+  outflux  resulting  in 


repolarization. 


III. 


CARDIAC  METABOLISM 


Whatever  the  fundamental  mechanisms  involved  in  ion  transport 
or  flux  may  be,  it  is  evident  that  they  are  energy  dependent.  For  this 
reason  cardiac  activity  may  be  thought  of  as  being  dependent  upon  the 
capacity  of  the  enzyme  systems  in  cardiac  muscle  to  convert  chemical 
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energy  available  in  various  substrates  to  other  forms  of  energy.  Because 
of  the  extraordinary  amount  of  energy  required  by  the  heart , myocardial 
metabolism  is  geared  to  the  production  of  energy  on  a  large  scale. 
Metabolic  processes  in  the  heart  may  be  divided  broadly  into  carbohydrate 
metabolism  and  fatty  acid  metabolism.  Carbohydrate  metabolism  may  be 
considered  to  include  glucose  uptake,  anaerobic  glycolysis,  aerobic 
glucose  metabolism  (citric  acid  cycle) ,  the  glycogen  cycle  (glycogenes is 
and  glycogenolysis)  and  finally  the  pentose  phosphate  cycle. 

A.  Glucose  uptake 

The  uptake  of  glucose  by  muscle  is  a  complex  process  which 
involves  its  movement  into  the  extracellular  space  to  the  muscle  cell 
membrane  and  its  transfer  across  the  cell  membrane.  It  is  currently 
believed  that  the  transfer  of  a  number  of  monosaccharides  across  the  cell 
membrane  occurs  by  means  of  a  specialized  carrier  system.  In  this  system 
glucose  is  postulated  to  form  a  complex  with  a  carrier  molecule  at  the 
outer  surface  of  the  cell.  The  sugar:  carrier  complex  passes  across  the 
cell  membrane  and  free  glucose  is  released  at  the  inner  surface.  Evidence 
in  favor  of  the  existence  of  a  membrane  carrier  system  for  sugars  can 
be  found  in  the  following  characteristics  of  sugar  uptake  by  cells. 

1.  Specificity 

When  a  pair  of  substances  which  resemble  each  other  structurally 
are  compared  it  is  often  found  that  one  is  preferentially  taken  up  by  the 
cell;  i.e.,  glucose  is  found  to  rapidly  enter  the  cell  in  the  perfused 
rat  heart  while  sorbitol  is  excluded  (Bleehen  and  Fisher, 1954;  Fisher  and 
Lindsay,  1956;  and  Morgan  et  al.,  1961a).  The  penetration  of  both  L-  and 
D-glucose  into  the  isolated  perfused  heart  was  measured  by  Morgan  et  al. 
(1964)  in  the  presence  and  absence  of  insulin.  It  was  found  that  whereas 
insulin  caused  intracellular  D-glucose  accumulation  despite  its  utilization 
by  metabolism,  L-glucose,  which  is  not  phosphorylated  and  metabolized 
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(Crane,  1962) ,  did  not  accumulate  within  the  cells.  This  suggests  a  very 
rapid  entry  of  D-glucose  relative  to  L-glucose. 

2.  Saturation  kinetics  of  the  Michaelis-Menten  type 

When  the  uptake  of  sugar  is  measured  as  a  function  of  extracellular 
concentration,  there  is  a  rapid  increase  in  the  uptake  rate  at  low  external 
concentrations,  but  the  uptake  approaches  a  plateau  at  higher  concentrations 
(Morgan  et  al.,  1960;  Narahara  et  al.,  1960;  and  Morgan  et  al.,  1961a.). 

3.  Competition  among  pairs  of  sugars 

It  has  been  found  that  there  is  a  competitive  inhibition  of 
transport  between  various  pairs  of  sugars,  both  hexoses  and  pentoses 
(Fisher  and  Lindsay,  1956;  Park  et  al.,  1959;  Morgan  et  al.,  1960; 

Fisher  and  Zachariah,  1961;  and  Morgan  et  al.,  1964).  This  suggests 
strongly  that  these  sugars  are  transported  by  a  common  transport  system. 
D-glucose,  D-galatose,  and  3-0-methylglucose  reduce  the  uptake  of  each 
other  and  reduce  even  more  strongly  the  uptake  of  L-arabinose.  Uptake 
competition  has  been  demonstrated  between  D-glucose,  L-arabinose,  3-0- 
methylglucose  and  D-xylose  in  perfused  rat  heart.  L-arabinose  was  a  poor 
inhibitor  of  glucose  transport;  even  12:1  molar  ratio  of  the  pentose  to 
glucose  was  not  strongly  inhibitory  (Morgan  et  al.,  1960).  Similarly, 
competition  for  uptake  has  also  been  demonstrated  in  isolated  rat  diaphragm 
between  a  group  of  sugars  comprising  D-glucose,  D-mannose,  3-0-methyl¬ 
glucose,  D-xylose,  D-arabinose,  and  L-arabinose  but  not  between  the 
members  of  this  group  and  D-galactose,  D-fructose,  maltose, 

OL  -methyl-D-glucoside  or  D-sorbitol  (Battaglia  and  Randle,  1960) .  Kipnis 
and  Cori  (1959)  in  similar  studies  with  isolated  rat  diaphragm  observed 
competition  between  D-glucose,  D-mannose  and  2-deoxyglucose  but  not 
between  D-glucose  and  D-xylose  or  2-deoxyglucose  and  D-galactose  and 


D-fructose . 
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On  the  basis  of  these  competition  studies,  the  order  of  affinity 
of  the  various  sugars  for  the  membrane  sites  in  rat  heart  appears  to  be 
D-glucose.>  3-0-methylglucose  D-xylose  and  L-arabinose  (Morgan,  et  al., 

1960) .  The  order  of  affinity  among  the  sugars  tested  in  erythrocytes 
appears  to  be  D-glucose  >  3-0-methylglucose >D-galactose  D-xylose-^  L-arabi¬ 
nose  . 

4.  Uphill  transport  (counterflow) 

Countertransport  is  an  uphill  transport  of  a  sugar  against  a 

concentration  gradient  under  special  conditions  of  competitive  inhibition. 

This  type  of  transport  is  independent  of  metabolic  energy.  The  necessary 

energy  is  derived  from  downhill  movement  of  a  second  substrate  using  the 

same  carrier.  It  has  been  demonstrated  in  red  cells  of  rabbit  (Park  et  al., 

1956)  and  man  (Rosenberg  and  Wilbrandt,  1957),  in  perfused  rat  heart 

(Park  et  al.,  1959;  Morgan  et  al.,  1960;  and  Morgan  et  al.,  1964)  and 

(Morgan  et  al.,  1964) 

in  vivo  in  rat  heart,  diaphragm  and  gastrocnemiu^.  In  a  qualitative  way 
the  phenomenon  of  counter  transport  has  been  explained  by  Whittam  (1964) 
as  follows:  Suppose  a  nonmetabolizable  sugar,  A,  is  at  equal  concentrations 
on  both  sides  of  the  membrane  when  another  sugar,  B,  is  added  to  the 
medium.  The  carrier  in  contact  with  the  outer  solution  will  now  be 
competed  for  by  the  two  sugars.  Therefore,  there  will  be  less  of  carrier: 
sugar  A  complex  at  the  outside  than  at  the  inside, where  all  the  carrier 
sites  are  occupied  by  sugar  A.  A  gradient  will  thus  be  set  up  of  carrier 
sugar  complexes  in  favour  of  a  net  movement  of  B  inwards  and  of  A  outwards. 

The  resulting  uphill  outward  movement  of  sugar  A  can  only  occur  if  the 
same  binding  site  on  the  carrier  are  available  to  both  sugars  on  the  two 
sides  of  the  membrane.  This  effect  has  been  demonstrated  by  perfusing 
the  rat  heart  with  a  nonmetabolized  sugar,  3-0-methylglucose  or  L-arabinose 
until  a  near  maximal  accumulation  of  sugar  inside  the  cell  has  occurred 
(Park  et  al.,  1959  and  Morgan  et  al.  1964).  Under  those  conditions  the 
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rates  of  enterance  and  exit  from  the  cell  are  nearly  equal.  When  at  this 
point  glucose  is  added  to  the  external  medium  the  nonmetabolized  sugar  is 
observed  to  leave  the  cell.  This  phenomenon  has  been  interpreted  as 
follows:  Added  glucose  competes  for  carrier  at  the  external  surface  of 

the  membrane  and  reduces  the  entry  of  nonmetabolized  sugar.  Inside  the 
cell  however,  any  glucose  which  enters  is  metabolized  and  therefore  can 
not  compete  with  the  nonmetabolized  sugar  for  the  outward  moving  carrier. 

The  efflux  of  nonmetabolized  sugar  therefore  temporarily  exceeds  influx 
until  its  concentration  inside  the  cell  falls  low  enough  to  establish  a 
new  equilibrium. 

5.  Inhibition  of  uptake 

Transfer  of  sugar  is  markedly  inhibited  by  phlorizin  (Park  et  al., 
1959;  and  Battaglia  and  Randle,  1960),  which  suggests  the  involvement 
of  specific  groups  on  the  outer  surface  of  the  cell  membrane  as  phlorizin 
does  not  penetrate  the  cell  membrane  significantly  (Battaglia  and  Randle, 

1960) .  Membrane  transport  of  glucose  in  muscle  is  a  reversible  process 
(Park  et  al.,  1959;  Narahara  et  al.,  1960;  Randle  and  Morgan,  1962)  and 
the  direction  of  net  movement  of  sugar  is  in  the  direction  of  the  con¬ 
centration  gradient.  The  mechanism  of  glucose  transport  and  in  particular, 
the  chemical  nature  of  the  sites  in  the  membrane  which  react  with  glucose 
are  not  known  but  evidence  has  been  obtained  that  a  peptide  may  be  involved 
(Battaglia  and  Randle,  1960;  Walaas  et  al.,  1960). 

B.  Factors  affecting  glucose  uptake 

Assuming  that  the  uptake  of  glucose  is  a  transport  phenomenon 
it  is  instructive  to  consider  circumstances  which  have  been  found  to 
alter  glucose  uptake. 

1.  Anoxia 

Membrane  transport  of  glucose  in  the  rat  heart  muscle  is  accelerated 
by  anoxia  (Randle  and  Smith,  1957;  Randle  and  Smith,  1958a  and  1958b; 
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Morgan  et  al.,  1959;  Morgan  et  al.,  1961a;  Morgan  et  al.,  1961b; 

Kono  and  Golowick,  1961;  and  Regen  et  al . ,  1964).  Similar  results 
have  been  obtained  in  the  perfused  heart  of  guinea  pig  (Mliller,  1962) 
and  turtle  (Reeves,  1963).  Morgan  et  al.,  (1960)  and  Henderson  et  al., 
(1961)  observed  an  increase  in  the  uptake  of  L-arabinose  in  rat  heart 
during  hypoxia.  The  increased  uptake  of  D- galactose  also  was  reported 
by  Lotspeich  and  Wheeler  (1962)  in  rat  diaphragm.  Anoxia  accelerates 
both  phosphorylation  of  glucose  by  hexokinase  and  membrane  transport 
of  glucose  (Morgan  et  al.,  1959).  Since  anoxia  accelerates  the  rate  of 
membrane  transport  of  glucose  in  diaphragm  and  heart  muscle  from  normal, 
hypophysectomized ,  adrenalectomized  or  alloxan-diabetic  rats,  it  does 
not  depend  upon  the  presence  in  the  tissue  of  insulin,  or  of  adrenal  or 
pituitary  hormones  (Randle  and  Smith,  1958a  and  1958b;  Morgan  et  al., 
1961c;  and  Kono  and  Colowick,  1961).  It  has  been  observed  by  Ka j i  and 
Park  (1962)  that  the  exposure  of  the  heart  to  N-ethyl-maleimide  prevented 
the  stimulation  by  anoxia  of  both  glucose  and  L-arabinose  transport, 
suggesting  the  importance  of  thiol  groups.  Newsholme  and  Randle  (1961) 
and  Regen  et  al.,  (1961)  found  that  anoxia  decreases  the  intracellular 
concentrations  of  glucose  and  f ructose-6-phosphate  and  increases  that 
of  fruct.ose-1, 6-diphosphate.  Therefore  they  concluded  that  anoxia 
stimulates  the  phosphofructokinase  step  in  the  glycolytic  pathway 
(Newsholme  and  Randle,  1962) .  Thus  activation  of  hexokinase  by  anoxia 
may  be  due  to  a  lowered  concentration  of  glucose-6-phosphate,  which  is 
a  known  inhibitor  of  hexokinase,  or  it  may  be  that  both  hexokinase  and 
phosphofructokinase  are  stimulated. 

2.  Inhibitors  of  respiratory  chain  phosphorylation 

The  membrane  transport  of  glucose  in  perfused  rat  heart  is 
increased  by  inhibitors  of  respiration  or  respiratory  chain  phosphorylation 

such  as  cyanide, 2, 4-dinit rophenol,  and  salicylate  (Randle  and  Smith,  1958a 
and  1958b;  Morgan  et  al.,  1958;  Carlin  and  Hechter,  1961;  Kono  and 
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Colowick,  1961;  Seltzer,  1962;  and  Newsholme  et  al.,  1962).  Similar 
effects  with  anoxia  and  respiratory  chain  inhibitors  have  been  reported 
in  rat  diaphragm  muscle  (Randle  and  Smith,  1960) .  They  have  suggested 
that  since  anoxia  and  inhibitors  of  respiratory  chain  phosphorylation 
increase  glucose  transport,  the  transport  system  may  be  inhibited  by 
high  energy  phosphate  compounds. 

3.  Effects  of  oxidation  of  fatty  acids,  ketone  bodies  and  pyruvate 

Williamson  and  Krebs  (1961)  found  that  acetoacetate  decreases 
the  oxidation  of  glucose  by  rat  heart,  suggesting  that  these  substances 
are  oxidized  in  preference  to  glucose.  Acetoacetate  decreased  the 
glucose  uptake  50 %  in  the  presence  of  insulin  but  not  in  the  absence  of 
insulin.  Newsholme  et  al.,  (1962)  found  that  acetoacetate  in  the 
presence  of  insulin  reduced  glucose  uptake  by  30-507>.  Similar  changes 
were  observed  with  pyruvate  (Zachariah  1961;  Newsholme  et  al.,  1962; 
Williamson,  1964a  and  1965) .  Inhibition  of  glucose  uptake  was  less 
pronounced  in  the  absence  of  insulin  than  in  presence  of  insulin.  The 
intracellular  concentration  of  glucose  was  markedly  increased.  Similar 
effects,  but  of  smaller  magnitude  have  been  observed  with  lactate 
(Newsholme  et  al.,  1962;  and  Williamson,  1964a  and  1965). 

4.  Insulin 

Current  evidence  is  sufficient  to  establish  that  insulin 
increases  the  rate  of  membrane  transport  of  glucose.  According  to  Park 
(1955)  glucose  uptake  involves  membrane  transport  followed  by  phosphory¬ 
lation  of  glucose  within  the  cell.  Free  glucose  may  therefore  accumulate 
in  the  cell  either  because  phosphorylation  is  inhibited  (Randle  and 
Smith,  1958b;  and  Newsholme  and  Randle,  1961)  or  because  transport  is 
accelerated  to  such  an  extent  that  glucose  enters  more  rapidly  than  it 
is  phosphory lated .  The  action  of  insulin  in  the  perfused  isolated  rat 
heart  leads  to  an  increased  uptake  of  glucose  and  intracellular  accumulation 
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of  the  sugar  (Park  and  Johnson,  1955;  Fisher  and  Lindsay,  1956;  Park  et  al 
1957;  Narahara  et  al.,  1960;  Henderson  et  al.,  1961;  Morgan  et  al., 

1961a;  Morgan  et  al . ,  1961b).  Similar  effects  of  insulin  have  been 
observed  on  chick  embryo  heart  (Guidotti  and  Foa,  1961;  Guidotti  et  al., 
1961;  and  Foa  et  al.,  1965).  An  increased  rate  of  transport  with  insulin 
has  been  demonstrated  in  the  perfused  rat  heart  with  D- galactose  and 
L-arabinose  (Fisher  and  Lindsay,  1956;  Park  et  al.,  1959;  and  Morgan  et  al 
1961b);  in  intact  or  eviscerated  rat  heart,  diaphragm  and  gastrocnemius 
muscle  with  D-galactose,  D-mannose,  D-fructose,  D-xylose,  and  D-arabinose 
(Park  et  al.,  1957)  and  with  2-deoxyglucose  (Landau  et  al.,  1958). 

Findings  in  rat  heart  and  diaphragm,  based  upon  competition  for  penetration 
and  counterflow,  indicate  that  these  nonmetabolizable  sugars  are  transported 
by  the  same  transport  system  as  that  which  transports  glucose  (Fisher  and 
Lindsay,  1956;  Park  et  al.,  1959;  Battaglia  and  Randle,  1960;  and  Fisher 
and  Zachariah,  1961) . 

5.  Effects  of  adrenaline 

Adrenaline  has  been  shown  to  cause  intracellular  accumulation  of 

glucose  in  diaphragm  and  gastrocnemius  muscles  in  rat  (Kipnis  and  Cori, 

1959;  and  Newsholme  and  Randle,  1961).  On  the  contrary,  it  has  been 

observed  by  Fritz  et  al.,  (1957)  that  adrenaline  has  no  effect  on  the 

disappearance  of  glucose  from  the  blood  of  eviscerated  dogs.  Studies 

14 

with  glucose-C  Dickman  et  al.,  (1958)  found  that  adrenaline  inhibits 
peripheral  glucose  uptake  in  the  dog.  The  inhibitory  action  of  adrenaline 
on  the  phosphorylation  of  glucose  in  muscle  has  been  attributed  to  an 
inhibition  of  hexokinase  by  an  elevated  concentration  of  glucose-6- 
phosphate  produced  by  increased  breakdown  of  glycogen. 
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6.  Muscle  contraction 

Muscle  contraction  can  also  accelerate  glucose  transport  in  limb 
muscle  (Helmreich  and  Cori,  1957;  and  Kipnis  et  al.  (1959). 

A  suggestion  has  been  made  that  release  of  a  humoral  factor  increases 
membrane  transport  of  glucose  (Goldstein,  1961).  However,  this  suggestion 
has  been  questioned  by  Dulin  and  Clark  (1961)  who  have  suggested  that  the 
effect  of  work  on  glucose  uptake  could  be  due  to  hypoxia  in  contracting 
muscle  since  hypoxia  has  been  shown  to  accelerate  membrane  transport  of 
glucose . 


It  is  evident  that  many  factors  alter  the  uptake  of  glucose  in 
a  number  of  preparations.  It  would  also  seem  clear  that  many  different 
mechanisms  are  operative  in  producing  a  change  in  glucose  uptake.  In 
order  to  appreciate  the  effect  of  altered  glucose  supply  it  becomes 
necessary  to  study  the  fate  of  intracellular  glucose. 

C.  Glycolysis 

During  anaerobic  glucose  metabolism  (glycolysis)  four  molecules 

of  ATP  are  formed  from  one  molecule  of  glucose.  Since  two  molecules  of 

ATP  are  used  up  during  glycolysis,  the  net  yield  of  ATP  is  only  two 

molecules  per  molecule  of  glucose.  This  ATP  formation  accounts  for  an 

energy  liberation  in  glycolysis  of  only  nine  percent  of  the  energy  content 

of  glucose.  The  overall  reaction  of  glycolysis  can  be  represented  as: 

glycolytic 

enzymes 

Glucose  +  2ATP  +  2Pi  +  2ADP  ^  2  lactate  +  4ATP 

The  rate  of  glycolysis  may  be  influenced  by  the  glycolytic  enzymes  and 
their  co-factors  (Muntz,  1959)  and  any  of  the  four  terms  on  the  left  side 
of  the  equation  (Racker  and  Gatt,  1959). 
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The  first  step  in  the  glycolytic  pathway,  the  phosphorylation  of 
glucose  by  hexokinase,  is  an  intracellular  reaction  and  is  irreversible. 
Muscle  hexokinase  is  inhibited  noncompeti tively  by  its  product,  glucose-6- 
phosphate,  the  for  heart  muscle  hexokinase  being  of  the  order  of  0.1  mM 
(Sols  and  Crane,  1954).  The  intracellular  concentration  of  glucose-6- 
phosphate  in  the  heart  muscle  of  rat  jin  vitro  under  aerobic  conditions  is 
of  the  order  of  0.5  to  0.7  mM  (Newsholme  and  Randle,  1961)*  This  suggests 
that  the  enzyme  is  likely  to  be  markedly  inhibited  under  aerobic  conditions* 
The  phosphorylation  of  glucose  in  rat  heart  is  accelerated  by  anoxia 
(Morgan  et  al.,  1959)  and  salicylate  (Newsholme  and  Randle,  1962),  but 
not  by  insulin  (Morgan  et  al»,  1961a;  and  Morgan  et  al.,  1961b).  It  is 
inhibited  by  respiration  of  ketone  bodies  and  pyruvate  (Newsholme  et  al., 
1962)  and  palmitate  and  other  long  chain  fatty  acids  (Garland  et  al.,  1962; 
and  Bowman,  1962).  Factors  which  increase  hexokinase  activity,  e.g., 
anoxia  and  salicylate,  raise  the  concentration  of  glucose-6-phosphate 
and  those  factors  which  inhibit  hexokinase  lower  the  intracellular 
concentration  of  glucose-6-phosphate  (Regen  et  al.,  1961;  Newsholme 
and  Randle,  1961;  and  Newsholme  et  al.,  1962),  but  these  changes  have 
been  observed  over  a  range  of  concentration  of  glucose-6-phosphate  which 
are  3  to  13  times  greater  than  the  for  heart  hexokinase.  The  possibility 
exists  that  other  metabolites  such  as  inorganic  phosphates  or  5  * -AMP 
may  modify  the  inhibitory  effect  of  glucose-6-phosphate  and  some 
evidence  has  been  found  in  the  case  of  inorganic  phosphate 
(Tiederman  and  Born,  1959). 

Glucose-6-phosphate  is  reversibly  converted  to  fructose-6- 
phosphate  by  phosphoglucoisomerase.  The  phosphorylation  of  fructose-6- 
phosphate  to  fructose-1, 6-diphosphate  occurs  under  the  influence  of 
phosphofructokinase ,  by  transfer  of  phosphate  from  ATP  and  the  reaction 
is  irreversible.  The  concentrations  of  glucose  and  fructose-6-phosphate 
are  higher  than  that  of  fructose-1, 6-diphosphate  in  muscle  and  since 


■ 


. 

.(  vA’i  <  >  i£  • )  -  .i.  .00, 

•a  )  r  r.  lv  1  a  1 o  .  1  ' 2  rr  ii  •  irf  0  n*  *• J*  t-.r>  1 


■  i  £>icd  j/i  2o  r  e  j  5  q$yi  n  .  i.« 

IT  C"  '  V 


Br  :;lc ,{;  .i  ilcfirires  rid  i-v  a  'tioi.-'  !  bos 


. 


03  b:;  9  V  1  n  .  X  c. 1  wK-.Hq- c>~£;  O  ) 


#2  )  ?3arinaoriq  b  dt  1-980 Jo U3l  oU  azJeriqsoriq 


-  19  - 

f ructose-1 ,6-diphosphate  does  not  inhibit  phosphof ructokinase  (Passonneau 
and  Lowry,  1962) ,  this  reaction  is  thought  to  be  rate  limiting  for 
glycolysis  (Newsholme  and  Randle,  1961) .  Evidence  has  been  obtained  that 
anoxia  and  inhibitors  of  respiratory  chain  phosphorylation  such  as 
salicylate  and  2,4-dinitrophenol ,  accelerate  the  phosphorylation  of  fructose-6- 
phosphate  in  perfused  rat  heart  (Newsholme  and  Randle,  1961;  and  Newsholme 
et  al.,  1962)  whereas  respiration  of  ketone  bodies,  pyruvate,  lactate  and 
fatty  acids  leads  to  inhibition  of  the  phosphof ructokinase  reaction  in  the 
rat  heart  (Garland  et  al.,  1962;  and  Newsholme  et  al.,  1962).  Williamson 
(1965)  on  the  other  hand  showed  that  while  acetate  inhibited  phospho- 
f ructokinase ,  pyruvate  appeared  to  act  further  down  the  glycolytic  pathway. 

In  skeletal  muscle,  phosphof ructokinase  activity  has  been  found  to  be 
inhibited  by  higher  concentration  of  ATP  (Lardy  and  Parks,  1956;  Passonneau 
and  Lowry,  1962) .  Furthermore,  Passonneau  and  Lowry  found  that  the  enzyme 
is  activated  by  5 '-AMP,  inorganic  phosphate,  fructose-1 ,6-diphosphate, 
cyclic  3 ',5 '-AMP  and  to  a  lesser  extent  by  ADP .  It  has  been  proposed  that 
the  inhibition  of  glycolysis  by  pyruvate,  lactate,  fatty  acids  and  ketone 
bodies  may  be  due  to  inhibition  of  phosphof ructokinase  mediated  by  elevated 
levels  of  citrate  and  ATP  (Passonneau  and  Lowry,  1963;  Parmeggiani  and 
Bowman,  1963;  Garland  et  al.,  1963;  and  Williamson  et  al.,  1964).  In 
guinea  pig  heart,  Mansour  et  al . ,  (1962)  and  Mansour  (1963)  found  that 
phosphof ructokinase  activity  is  inhibited  by  excess  ATP  and  activated 
by  5 ' -AMP ,  inorganic  phosphate  and  cyclic  3 ',5* -AMP.  The  ATP  concentration 
in  the  cell  is  high  enough  to  cause  inhibition  of  phosphof ructokinase . 

If  this  is  the  case,  then  fluctuation  in  the  levels  of  adenine  nucleotides 
(5'-AMP,  cyclic  3',5'-AMP  and  ADP)  and  inorganic  phosphate  might  result 
in  fluctuation  in  the  rate  of  glycolysis. 

The  breakdown  of  fructose- 1 , 6-diphosphate  to  glyceraldehyde-3- 
phosphate  and  dihydroxyacetone  phosphate  (triose  phosphate)  is  brought 
about  by  aldolase. 
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D.  Aerobic  glucose  metabolism 

The  aerobic  phase  of  glucose  metabolism  consists  of  a  series  of 
enzyme  reactions  known  as  the  citric  acid  cycle  and  takes  place  entirely 
within  the  mitochondrion  (Green  and  Goldberger,  1961).  The  breakdown  of 
one  molecule  of  pyruvate  by  means  of  the  citric  acid  cycle  yields  fifteen 
molecules  of  ATP.  Three  molecules  of  ATP  are  formed  in  the  reduction  of 
each  molecule  of  pyridine  nucleotide.  Since  the  reduction  of  pyridine 
nucleotide  occurs  in  four  of  the  five  oxidation  reactions,  the  yield  of 
ATP  from  these  four  oxidations  is  twelve  molecules.  Two  molecules  of  ATP 
are  formed  by  the  oxidation  of  succinate  and  one  molecule  of  ATP  is  formed 
by  a  direct  phosphorylation  as  CH-ketoglutarate  is  converted  to  succiny 1-CoA. 
Thus  the  total  yield  of  ATP  comes  to  30  molecules  of  ATP  per  molecule  of 

glucose  (Green  and  Goldberger,  1961). 

E.  Glycogen  Metabolism 

The  glycogen  cycle  deals  with  two  processes,  viz.,  glycogenesis 
(formation  of  glycogen)  and  glycogenoly sis  (breakdown  of  glycogen). 
Independent  pathways  exist  for  synthesis  and  breakdown  of  glycogen. 

1.  Glycogenesis 

Glycogenesis  from  glueose-6-phosphate  involves,  in  sequence, 
conversion  to  glucose-l-phosphate  by  the  enzyme  phosphoglucomuta.se,  the 
formation  of  uridine  diphosphate  glucose  (UDPG)  by  reaction  with  uridine 
triphosphate  (UTP)  catalyzed  by  the  enzyme  UDPG  pyrophosphorylase  and  then 
transfer  of  the  glucose  residue  from  UDPG  to  an  oligosaccharide  to  give 
a  1:4  glucoside  of  this  oligosaccharide  (glycogen)  by  UDPG  glycogen 
transglucosylase.  The  last  two  enzymic  steps  are  irreversible.  The 
rate  limiting  step  in  glycogen  synthesis  is  the  transglucosylase  reaction 
(Larner  et  al.,  1959).  The  enzyme  is  activated  by  glucose-6-phosphate 
(Leloir  et  al.,  1959;  Villar-Palasi  and  Larner,  1961).  The  activity  of 
UDPG  glycogen  transglucosylase  in  diaphragm  muscle  is  accelerated  by 
insulin  (Larner  et  al.,  1959;  Leloir  et  al.,  1959;  and  Villar-Palasi  and 
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Larner,  1961).  The  insulin  effect  on  glycogen  synthesis  is  not  mediated  by 

an  alteration  in  the  intracellular  concentration  of  glucose-6-phosphate 

(Villar-Palasi  and  Larner,  1961).  It  has  been  suggested  that  the  enzyme 

may  exist  in  two  forms,  one  dependent  for  activity  upon  glucose-6- 

phosphate  (D  form)  and  the  other  independent  (I  form)  of  glucose-6- 

phosphate  (Larner  et  al.,  1964).  Friedman  and  Larner  (1962  and  1963) 

reported  that  the  action  of  insulin  leads  to  an  increase  in  the  proportion 

of  the  I  form  and  that  the  conversion  of  the  I  form  to  D  form  may  involve 

|  [ 

transfer  of  phosphate  from  ATP  to  the  enzyme  in  the  presence  of  Mg 
There  is  a  large  yield  of  glycogen  (up  to  92%,)  associated  with  insulin 
mediated  glucose  uptake  as  compared  with  negligible  yields  of  glycogen 
from  glucose  uptake  resulting  from  increased  extracellular  glucose  con¬ 
centration  in  the  absence  of  insulin  (Larner  et  al.,  1959;  and  Norman 
et  al.,  1959).  There  are  variations  in  the  properties  of  UDPG  glycogen 
transglucosylase  in  different  tissues  since  in  perfused  rat  heart  there 
is  a  much  smaller  increase  in  glycogen  synthesis  under  the  influence  of 
insulin  (Williamson  and  Krebs,  1961).  Ketone  bodies  (Newsholme  et  al . , 
1961;  Williamson  and  Krebs,  1961;  Williamson,  1965),  fatty  acids  (Shipp 
et  al.,  1961)  and  pyruvic  acid  (Williamson,  1965)  markedly  accelerated 
glycogen  synthesis  in  perfused  rat  heart.  Recently  Davis  and  Quastel 
(1964)  studied  the  effect  of  addition  of  short  chain  fatty  acids  on  the 
glucose  metabolism  in  perfused  guinea  pig  heart.  They  found  that  the 
oxidation  of  glucose  to  CO^,  is  suppressed  more  than  90%  by  addition  of 
acetate  (5  mM)  and  butyrate  (2.5  mM) ,  and  cardiac  glycogen  is  markedly 
increased.  Williamson  (1965)  demonstrated  that  acetate  or  pyruvate 
decreased  glucose  utilization  of  the  perfused  rat  heart  and  the 
principal  fate  of  the  glucose  removed  from  the  medium  was  conversion  to 
lactate  and  glycogen.  The  production  of  CO^  was  inhibited  by  85%>  while 
incorporation  of  glucose  into  glycogen  was  stimulated  6-fold  in  conjunction 
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with  net  increase  in  cardiac  glycogen.  Newsholme  et  al.,  (1962)  and 
Williamson  (1965)  have  proposed  that  this  change  is  caused  primarily  by 
inhibition  of  the  phosphof ructokinase  reaction  which  leads  to  an  increase 
in  glucose- 6-phosphate  level  in  the  cell.  This  glucose-6-phosphate  in 
turn  stimulated  UDPG  glycogen  transglucosylase  leading  to  increased 
glycogen  synthesis. 

2.  Glycogenolysis 

Glycogenolysis  is  initiated  by  the  action  of  the  enzyme 
phosphorylase ,  which  breaks  down  glycogen  to  give  glucose- 1-phosphate 
which  is  then  converted  to  glucose-6-phosphate  by  phosphoglucomutase . 

In  muscle,  phosphorylase  exists  in  two  forms,  active  (a)  and  inactive  (b) . 
Phosphorylase  a  is  converted  to  phosphorylase  b  by  the  enzyme  phosphorylase 
phosphatase  as  follows: 

phosphorylase 

phosphatase 

Phosphorylase  a  _ —  ...  .. — — — - 2  phosphorylase  b  +  4  H^PO^  . 

The  conversion  of  b  to  a  involves  an  activating  enzyme  phosphorylase  b 
kinase  and  two  molecules  of  b  are  combined  with  the  transfer  of  phosphate 

j- 

from  ATP  to  the  enzyme.  This  reaction  is  accelerated  by  Ca  ,  cyclic 

i  j  I  I 

3  ,5  -AMP,  ATP  and  Mg  due  to  activation  of  phosphorylase  b  kinase 
(Krebs  et  al.,  1964). 

Glycogen  metabolism  in  the  muscle  is  accelerated  by  epinephrine, 
anoxia  and  muscle  contraction.  Adrenaline  accelerates  glycogen  metabolism 
by  increasing  the  formation  of  cyclic  3I,5,-AMP  which  activates  the 
conversion  of  phosphorylase  b  to  a  (Rail  and  Sutherland,  1958;  Sutherland 
and  Rail,  1958;  Krebs  et  al.,  1959;  and  Murad  et  al.,  1962).  Adenyl 
cyclase  is  a  particulate  enzyme  or  enzyme  system  that  catalyzes  the 

I  I  I  | 

formation  of  cyclic  3  ,5  -AMP  from  ATP.  The  enzyme  requires  Mg  and 
ATP  and  is  influenced  by  hormones. 
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Cardiac  glycogenolysis  is  increased  in  vitro  by  adrenaline 
(Cruickshank,  1913-14;  and  Ellis  et  al.,  1957).  Adrenaline  produces  a 
decrease  in  glycogen  content  (Vincent  and  Ellis,  1963;  and  Williamson, 
1964b),  an  increase  in  glucose-6-phosphate  concentration  (Ellis  et  al., 
1957;  Belford  and  Feinleib,  1959;  and  Mayer,  1963),  and  a  rise  in  the 
amount  of  lactate  in  the  perfusion  fluid  from  the  isolated  perfused 
heart.  Adrenaline- induced  glycogenolysis  was  found  to  be  greater  in 
the  anoxic  or  cyanide  treated  heart  (Bogne  et  al.,  1939).  A  marked 
rise  in  the  NADH  content  of  perfused  heart  caused  by  adrenaline  has 
been  demonstrated  by  Williamson  and  Chance  (1964),  indicating  an  increase 
in  glycogenolysis.  A  schematic  representation  of  the  mechanism  of 
action  of  catecholamines  and  methylxanthines  as  shown  in  the  figure 
below  has  been  given  by  Sutherland  and  Rail  (1960) . 

Catecholamines  (stimulate) 

ATP  Ad enyl cyclase  _ ^  ryrl  A  r.^  »  ^  s  1  -AMP  phosphodiesterase  ^  5  1 -AMP 

methylxanthines  (inhibit) 

Phosphorylase  b  kinase  system  ^  phosphorylase  a 

(Inactive)  (Active) 

'V 

glucose- 1-PO  ^  glycogen 

i 

glucose- 6 -phosphate 

Adrenaline,  noradrenaline  and  isopropylnoradrenaline  increased 
the  phosphorylase  activity  concomitant  with  their  positive  inotropic 
effect  in  rat  perfused  heart  (Hess  and  Haugaard ,  1958;  and  Kukovetz 
et  al.,  1958),  in  isolated  rat  auricle  driven  at  constant  rate  (Belford 
and  Feinleib,  1959;  and  Dhalla,  1966a)  and  in  dog  heart  (Mayer  and  Moran, 
1960)  .  A  dose  dependent  increase  in  force  of  contraction  and 
phosphorylase  activity  due  to  adrenaline  has  been  reported  by  Kukovetz, 
et  al.,  (1959).  When  contractility  or  phosphorylase  activity  was 
measured  in  the  rat  heart,  it  was  found  by  Kukovetz  et  al.,  (1959) 
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that  dl- isopropylnoradrenaline  was  5  times  more  potent  than  1-adrenaline 
and  noradrenaline  was  twice  as  potent  as  1-adrenaline.  In  dog  heart  dl- 
isopropylnoradrenaline  was  approximately  ten  times  more  potent  than 
1-adrenaline  or  1-noradrenaline  (Mayer  and  Moran,  1960) .  The  same 
relative  potencies  of  the  catecholamines  in  stimulating  cyclic  AMP  was 
observed  by  Murad  et  al .  (1962).  The  relative  potencies  observed 

were:  1- isopropylnoradrenaline,  7.8;  1-adrenaline,  1.0;  1-noradrenaline, 
1.0;  d-adrenaline,  0.12.  Further,  it  has  been  found  that  adrenaline, 
noradrenaline  and  isopropylnoradrenaline,  in  doses  which  had  a  positive 
inotropic  action  on  the  heart,  also  increased  phosphorylase  activity. 
Methoxamine,  mephentermine,  and  metanephrine  had  little  or  no  effect  on 
contractility  and  did  not  change  phosphorylase  activity  (Haugaard 
et  al.,  1959).  Based  on  the  increase  in  contractile  activity  and 
increase  in  phosphorylase  activity  of  rat  heart  Kukovetz  et  al.,  (1959) 
classified  the  sympathomimetic  agents  into  three  groups: 

(a)  Those  which  had  marked  positive  inotropic  effect  on  the 
heart  and  increased  phosphorylase  activity  --  isopropyl¬ 
noradrenaline,  noradrenaline  and  adrenaline. 

(b)  Those  which  had  small  effects  on  force  of  contraction  and* on 
phosphorylase  activity  at  very  high  concentration  --  epinine, 
synephrine  and  phenylephrine. 

(c)  Those  which  had  no  effect  either  on  force  of  contraction, 

or  on  phosphorylase  activity  even  in  very  high  concentrat ion-- 
methoxamine,  mephentermine  and  metanephrine. 

Recently  a  correlation  between  the  increase  in  phosphorylase  b  kinase 
activity  and  contractile  activity  in  perfused  rat  heart  with  adrenaline, 
isopropylnoradrenaline  and  methoxamine  has  been  reported  (Drummond 
et  al.,  1966;  and  Drummond  and  Duncan,  1966). 
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Anoxia  has  been  shown  to  cause  conversion  of  phosphorylase  b 
to  phosphorylase  a  in  the  mammalian  myocardium  (Cori  and  Green,  1943;  and 
Rail  et  al.,  1956).  Recently,  general  hypoxia  (95%  N ^ •  5%  CO^)  in 
isolated  perfused  rat  heart  as  well  as  localized  hypoxia  obtained  by 
coronary  occlusion  in  situ  have  been  reported  to  increase  phosphorylase  a 
content  (Buis  and  Lacroix,  1965) .  This  enzyme  activation  was  found  to 
be  accompanied  by  the  disappearance  of  glycogen  and  accumulation  of 
glycolytic  products  in  the  tissue  (Klarwein  et  al . ,  1961;  Klarwein 
et  al . ,  1962;  Cornblath  et  al.,  1963;  and  Wollenberger  and  Krause,  1963). 

A  rapid  disappearance  of  glycogen  (approximately  80%,  within  30  minutes) 
from  anoxic  dog  heart  has  been  shown  by  Michal  et  al.  (1959).  A  complete 
disappearance  of  glycogen  (approximately  86%,)  from  perfused  rat  heart 
after  4-10  minutes  of  anoxia  has  been  reported  by  Fisher  and  Williamson 
(1961).  Similar  observations  in  perfused  rat  heart  have  been  reported 
by  Cornblath  et  al.  (1963)  who  demonstrated  that  at  the  end  of  an  anoxic 
interval  of  22  minutes,  glycogen  content  fell  to  25%,  of  control.  Not 
only  during  anoxia  but  also  under  aerobic  conditions  in  the  presence  of 
substrates,  glycogen  content  fell  slowly  during  the  course  of  the  perfusion 
in  rat  heart  (Cornblath  et  al.  1963). 

Measurements  of  glycogen  from  perfused  rat  heart  after  different 
periods  of  perfusion  with  nutrient  free  Krebs  solution  show  that  it 
falls  off  linearly  with  time,  disappearing  (80%,)  after  the  first  hour 
(Fisher  and  Williamson,  1961). 

An  increase  in  glycogeno lysis ,  in  turtle  heart,  in  proportion 
to  the  increased  work  up  to  a  critical  maximum  value  has  been  reported  by 
Reeves  (1963).  An  increase  of  work  load  beyond  this  critical  point  was 
associated  with  utilization  of  exogenous  glucose  or  in  the  absence  of 
glucose  with  mechanical  failure  of  the  heart  (Reeves,  1963). 
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METHODS 


All  experiments  were  carried  out  with  papillary  muscle  obtained 

from  the  right  ventricle  of  guinea  pig  heart  which  was  removed  after  the 

animal  was  stunned  by  a  sharp  blow  on  the  head.  Dissection  of  the  muscles 

was  carried  out  in  cool  modified  Kr ebs- Ringer ' s  solution  of  the  following 

composition  in  milliequivalents  per  liter:  Na  138.5,  K  4.6,  Ca  4.9,  Mg  2.3, 

HCQ  21.91,  PO  3.48,  SO  2.32,01  125,  and  glucose  50  iriM  equilibrated  with 
3  4  4 

957,  0^  :  57,  CO^*  In  contrast  to  cat  papillary  muscle  which  is  considered 
to  be  cylindrical,  that  from  guinea  pig  heart  tended  to  be  flat,  8  to  10  mm 
in  length,  1  to  2  mm  wide  and  0.5  to  1  mm  thick.  The  muscles  were  mounted 
horizontally  at  a  resting  tension  of  500  mgm  in  a  jacketed  100  ml  constant 
temperature  bath  at  37°  C.  Stimulation  was  at  a  rate  of  60  per  minute 
through  platinum  electrodes.  Force  of  contraction  was  recorded  on  a  Grass 
polygraph  by  means  of  a  Statham  force  displacement  transducer. 

Single  cell  electrical  activity  was  recorded  by  means  of  hand- 
pulled  glass  microelectrodes  filled  with  3  M  KC1  using  the  floating 
electrode  technique  of  Woodbury  and  Brady  (1956) .  Potential  measurements 
were  made  through  a  Medistor  negative  capacitance  electrometer,  monitored 
on  a  Tektronix  502  oscilloscope  and  recorded  either  on  film  or  on  a 
Grass  polygraph. 

Essentially  only  two  types  of  experiments  were  carried  out:  One 

type  consisted  of  a  measurement  of  the  effect  of  a  variety  of  conditions 

on  the  action  potential  duration  and  force  of  contraction  of  papillary 

muscle  starting  from  normal  or  control  conditions.  The  other  type 

consisted  of  a  measurement  of  the  effect  of  a  variety  of  conditions  on 

the  action  potential  duration  and  force  of  contraction  of  papillary 

muscle  in  which  the  action  potential  duration  was  reduced  to  between  30 

and  407o  of  .control.  Three  types  of  media  were  employed:  modified  Krebs- 
Ringer ' s  solution  containing  (1)  50  mM  glucose  (normal  Krebs), 
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(2)  5  mM  glucose  (low  glucose  Krebs)  and  (3)  0  nM  glucose  (glucose  free 
Krebs).  Three  gassing  mixtures  were  employed:  (1)  957,  0^:  5%  CC^  (carbogen) , 

(2)  60%  N9:  35%  0o  :  5%  CD  (N  :0„:C0  )  and  (3)  95%  N  :  5%  CO  (N  :C0  ). 

Z  L  2  2  2  2  2  222 

The  muscles  were  incubated  in  normal  Krebs  solution  for  about 
one  hour  before  an  experiment  was  begun  and  control  electrical  and 
mechanical  activities  were  measured  at  the  end  of  this  period  of  time. 

As  will  be  shown,  transmembrane  electrical  activity  was  found  to  be 
remarkably  stable  when  the  muscle  was  incubated  in  normal  Krebs  containing 
50  iriM  glucose. 

The  sugars  used  in  this  study  were:  L-arabinose  (A  grade,  M.W. 
150.1,  Calbiochem),  2-deoxyglucose ,  glucose  free  (M.W.  164.2,  Calbiochem)  , 
D-galactose,  anhydrous  (C  grade,  M.W.  180.2,  Calbiochem),  D-glucose3 
anhydrous  (M.W.  180.16,  Fisher  Scientific  Co.,  U.S.A.),  L-glucose  (A  grade, 
M.W.  180 . 16  , Calbiochem) ,  D-mannitol,  glucose  free  (M.W.  182.2,  Calbiochem), 
3-0-methylglucose  (M.W.  194.1,  Ayerst,  McKenna  &  Harrison  Ltd.),  D-xylose 
(A  grade,  M.W.  150.1,  Calbiochem) ,  05 -methyl-D-glucoside  (M.W.  194.2, 
Calbiochem)  and  sucrose  (M.W.  342.2,  A.R.  Baker  Chemical  Company, 
Phillepsburg,  U.S.A.  ).  The  solutions  of  the  sugars  were  made  with  the 
medium  to  be  used  in  the  experiment  and  all  concentrations  refer  to  the 
final  bath  concentration. 

The  drugs  used  in  this  study  were:  Insulin  crystalline 

(24.5  U/mg,  Connaught  Medical  Research  Laboratories,  Toronto),  Phlorizin 

(M.W.  472.4,  Calbiochem),  isopropylnoradrenaline  HC1  U.S.P.  (Winthrop 

Laboratories,  140  Broadway,  New  York,  N.Y.),  L-adrenaline  bitartrate 

U.S.P.  (Winthrop  Laboratories,  N.Y.),  L-noradrenaline  bitartrate 

(Winthrop  Lab.  N.Y.),  phenylephrine  hydrochloride  (Winthrop  Lab.  N.Y.), 

methoxamine  hydrochloride  (B .W .  &  Co.  Canada),  priscoline  (Tolazoline 

hydrochloride,  25  mg/ml  Ciba  Company  Limited ,  Dorval,  Quebec),  propranolol 

hydro chloride  (AY-64043,  Ayerst  Lab.  McKenna  &  Harrison  Ltd.,  Montreal, 
Canada),  2,4-dinitrophenol  (B  grade  M.W.  184.1  Calbiochem),  iodoacetic  acid, 
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sodium  salt  (M.W.  207.9,  Calbiochem) ,  sodium  cyanide  (M.W.  49.01,  Fisher 
Scientific  Company,  U.S.A.),  pyruvic  acid  sodium  salt  (Crystal,  A  grade, 
M.W.  110.1,  Calbiochem),  ouabain  U.S.P.  (Nutritional  Biochemical 
Corporation,  Cleveland,  Ohio),  and  strophanthin-K  N.F.  (Nutritional 
Biochemical  Corporation,  Cleveland,  Ohio). 

All  the  solutions  of  the  drugs  were  made  with  the  medium  used 
in  the  experiment  just  before  use  and  the  amount  was  added  in  the  bath 
to  make  the  desired  final  concentration. 

For  a  stock  solution  insulin  crystalline  was  dissolved  in  N/300 
HC1  at  a  concentration  of  40  units/ml.  This  stock  solution  was  diluted 
with  bath  medium  to  the  required  concentration  just  before  each  experiment 
(Battaglia  and  Randle,  1960). 

The  stock  solutions  of  L-adrenaline  bitartrate,  L-noradrenaline 
bi tartrate,  and  isopropylnor adrenaline  HC1  containing  1  mg/ml  each  were 
prepared  in  0.01  N  HC1  and  were  stored  at  5°C.  (Crawford  and  Outschoorn, 
1951) .  Standard  solutions  were  made  from  stock  solutions  in  concentrations 
of  100  |J.g/ml  by  diluting  in  the  medium  required  just  before  use. 

The  calibrations  for  the  electrical  and  mechanical  activities 
are  similar  to  those  given  in  fig.  2  throughout  the  course  of  the 
experiments  in  the  present  series  of  work.  The  action  potential 
duration  has  been  measured  at  the  level  of  307o  of  repolarization  unless 
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RESULTS 


I.  THE  EFFECT  OF  VARIOUS  GAS  MIXTURES  ON  THE  ELECTRICAL  AND 

MECHANICAL  ACTIVITY  OF  GUINEA  PIG  PAPILLARY  MUSCLE 
IN  HIGH  AND  LOW  GLUCOSE  KREBS  SOLUTION 

The  work  of  MacLeod  and  Daniel  (1965)  indicated  that  the  action 
potential  duration  (APD)  of  anoxic  isolated  papillary  muscle  was  related 
to  the  glucose  concentration  of  the  bathing  medium.  They  reported  (see 
INTRODUCTION)  that  a  glucose  concentration  of  50  mM  could  maintain  a 
normal  APD  during  anoxia  but  not  normal  contractile  activity.  When  the 
glucose  concentration  was  lowered  to  5  mM  anoxia  caused  a  marked  reduction 
in  APD  as  well  as  in  contractile  activity.  An  elevation  of  the  glucose 
concentration  to  50  mM  reversed  the  effect  of  anoxia  on  the  APD  but  not 
on  the  contractile  activity. 

The  following  series  of  experiments  were  carried  out  to  determine 

the  effects  of  three  gas  mixtures  (957,  N^:  57,  CO^;  607,  N£:  357,  0^  57,  CO^ 

and  957,  0  :  57  CO  )  on  the  electrical  and  mechanical  activity  of 

2  3 

guinea  pig  papillary  muscle  when  the  bath  medium  contained  either  50  mM, 

5  mM  or  0  mM  glucose. 

For  present  purposes  normal  Krebs  solution  will  be  considered 
to  be  as  described  under  METHODS,  containing  50  mM  glucose  and  equili¬ 
brated  with  957  0o:  57  CO  (carbogen) .  In  the  records  to  be  presented 

2  2 

under  RESULTS  the  following  convention  will  be  followed.  Each  figure 
will  present  a  record  of  the  control  APD  and  in  certain  series  of 
experiments  records  of  control  force  of  contraction.  The  arrows  at  the 
bottom  of  the  figures  will  indicate  changes  in  the  environment  of  the 
muscle.  The  subsequent  record  will  show  the  effect  of  this  change  at 
the  time  from  the  change  listed  at  the  top  of  the  record. 
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A.  95%  N2:5%  C02. 


Fifteen  experiments  were  carried  out  in  which  papillary  muscle, 

after  incubation  in  normal  Krebs  for  one  hour,  was  exposed  to  Krebs 

solution  containing  5  mM  glucose  and  equilibrated  with  95 %  N  :  57,  CO  (low 

2  2 

glucose  Krebs  (N  :C0  )).  The  effects  of  this  environment  on  electrical 

2  2 

and  mechanical  activity  are  shown  in  Fig.  2.  This  particular  result  was 
typical  of  the  series  and  similar  to  the  results  reported  by  Trautwein 
and  Dudel  (1956)  and  MacLeod  and  Daniel  (1965) .  The  most  consistent 
early  change  in  the  electrical  activity  was  a  shortening  of  the  APD. 

The  shortening  was  progressive  with  time  at  each  of  three  levels  for 
repolarization  (307,,  607,  and  907,).  The  reduction  in  APD  was  greatest 
at  the  307,  repolarization  level  and  least  at  the  907,  level  (Fig.  3),  al¬ 
though  the  difference  was  not  significant  (P>0.05).  Unless  the  exposure 
to  low  glucose  Krebs  (N^CO^)  was  greatly  prolonged  there  was  no  reduction 
in  the  height  of  the  action  potential  (AP) .  This  has  been  taken  as 
evidence  that  the  resting  potential  and  overshoot  had  not  changed  to 
a  significant  extent  in  association  with  the  marked  reduction  in  APD. 

The  reduction  of  the  APD  was  usually  paralleled  by  a  decrease 
in  the  force  of  contraction  (Fig.  4) .  This  depression  of  contractile 
activity  was  seen  earlier  than  the  reduction  in  APD  and  usually  began 
within  minutes  after  exposure  of  the  muscle  to  low  glucose  Krebs  (N2: 

c°2)  • 


As  has  been  reported  by  Trautwein  and  Dudel  (1956)  it  was 
noted  that  the  APD  became  more  sensitive  to  the  effects  of  anoxia  and 
low  glucose  Krebs  with  each  succeeding  exposure  despite  the  fact  that 
apparent  recovery  had  occurred.  The  recovery  of  the  APD  to  control 
levels  was  rapid  when  the  muscle  was  exposed  to  normal  Krebs  solution. 
The  force  of  contraction  usually  did  not  return  to  control  level  after 
recovery  from  exposure  to  anoxia  and  low  glucose  Krebs  and  the  degree 
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Effect  of  low  glucose  Krebs  (N2  :  C02)  on  the 
transmembrane  electrical  activity  and  force  of 
contraction  of  a  guinea  pig  papillary  muscle. 
Arrow  number  1  marks  the  start  of  exposure  of 
tne  muscle  to  low  glucose  Krebs  ('>2  :  C02) . 
Voltage  calibration,  100  mv ;  time  calibration 
200  msec;  force  of  contraction  calibration  1 
gm.  The  horizontal  line  labelled  0  indicates 
0  transnembrane  potential. 
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Percentage  change  with  tine  in  the  APD  of  pap¬ 
illary  muscle  incubated  in  Krebs  solution  con¬ 
taining  5  e>I  glucose  equilibrated  with  95%  No  : 
5%  CC^.  The  results  presented  were  obtained  in 
15  experiments  and  show  that  the  change  in  APD 
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of  recovery  of  contractile  farce  was  extremely  variable  from  muscle  to 
muscle  and  interval  to  interval.  If  muscles  were  allowed  to  incubate  in 
normal  Krebs  solution  for  an  hour  or  more  between  exposure  to  anoxia  and 
low  glucose  Krebs  the  increase  in  sensitivity  to  subsequent  exposure  was 
minimized.  This  finding  is  also  in  agreement  with  that  reported  by 
Trautwein  and  Dudel  (1956). 

When  these  experiments  were  repeated  with  glucose  free  Krebs 
solution  the  results  were  qualitatively  similar  to  those  with  5  mM  glucose 
as  can  be  seen  in  Fig.  5  for  the  change  in  APD.  It  will  be  noted  that 
the  maximum  depression  in  the  APD  occurred  more  rapidly  in  glucose  free 
Krebs.  In  all  other  respects  including  recovery  the  results  were  similar. 

When  muscles  were  exposed  to  Krebs  solution  containing  50  mM 
glucose  equilibrated  with  957,  57,  C02  the  results  were  as  reported  by 

MacLeod  and  Daniel  (1965) .  Although  there  was  a  decrease  in  contractile 
activity  similar  to  that  occurring  in  Krebs  containing  5  mM  and  0  mM 
glucose  the  APD  did  not  decrease  (Fig.  6).  Six  experiments  were  carried 
out  in  which  no  change  in  APD  occurred  aa  a  result  of  incubation  periods  of 
as  long  as  10  hours  in  Krebs  solution  containing  50  mM  glucose  equili¬ 
brated  with  957,  IS^s  57,  CO^* 

In  fifteen  experiments  carried  out  in  both  glucose  free  Krebs 
and  low  glucose  Krebs  equilibrated  with  957,  ISM  57,  CO^  the  addition  of 
glucose  to  make  a  final  bath  concentration  of  50  mM  reversed  the  decrease 
in  APD  (Fig.  7).  Although  there  was  some  effect  on  force  of  contraction 
it  was  much  less  than  that  on  the  APD  and  in  contrast  to  the  APD  never 
returned  to  control  levels.  These  findings  substantiate  those  reported 
by  MacLeod  and  Daniel  (1965)  . 
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Percent  change  with  time  in  APD  and  force  of 
contraction  of  6  papillary  muscles  incubated 
in  Krebs  solution  containing  50  mM  glucose 
equilibrated  with  95b  Xg  :  5b  COg. 
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Fig.  7.  The  effect  of  50  mM  glucose  on  the  A?D  and 

force  of  contraction  of  a  guinea  pig  pap¬ 
illary  muscle  reduced  in  Krebs  solution  containin 
5  mH  glucose  equilibrated  with  95%  N2  :  57> 

CO2  (arrow  1).  At  arrow  2,  50  ml!  glucose. 

Note  return  of  APD  to  control  value  and  rel¬ 
atively  slight  effect  on  force  of  contraction. 
Calibration  as  in  Fis.  1. 
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B.  607,  N  0 :  3  57,  0-5%  CO  . 

2  2  2 

When  papillary  muscle  was  incubated  in  low  glucose  Krebs 

solution  (15  experiments)  or  glucose  free  Krebs  solution  (10  experiments) 

equilibrated  with  607o  N  :  357,  0  :  57,  C0o  (No:0o:C0  )  there  was  a  decrease 

2  2  2  2  2  2 

in  the  APD  and  force  of  contraction  comparable  to  that  obtained  when  the 

muscles  were  incubated  in  media  equilibrated  with  957.  N^:57.  C0^  (Fig.  8). 

The  rate  of  development  of  these  changes  was  less  with  the  N  :0  :C0  mixture 

2  2  2 

but  at  the  end  of  one  hour  the  extent  of  the  change  was  similar  (Fig.  9). 

No  appreciable  difference  was  noted  between  experiments  carried  out  in 
Krebs  solution  containing  5  iriM  glucose  and  those  in  glucose  free  Krebs 
solution. 

As  was  reported  for  anoxic  conditions,  an  elevation  of  the 
glucose  concentration  in  the  bath  medium  to  50  mM  (6  experiments)  reversed 
the  effect  on  APD  of  exposure  of  the  muscle  to  Krebs  solution  containing 
5  iriM  or  0  mM  glucose  equilibrated  with  ^2*'^2’^2  10A)  . 

C.  957=  0  :57o  CO  . 

2  2 

Fifteen  experiments  were  carried  out  in  which  papillary  muscle 
was  exposed  to  Krebs  solution  containing  either  5  or  0  mM  glucose  and 
equilibrated  with  957.  0^:5%  CO^.  It  was  rather  surprising  to  find  that 
quite  marked  reductions  in  APD  and  force  of  contraction  occurred  under 
these  conditions.  It  may  be  noted  in  Fig.  11  that  the  effect  occurred 
quite  slowly  but  upon  subsequent  exposures  to  low  glucose  Krebs  the  rate 
of  decrease  in  APD  and  force  of  contraction  increased  (Fig.  12).  As 
has  been  seen  in  experiments  carried  out  under  anoxia  and  partial  anoxia 
(607,  N,?:357>  0«:57>  CO  )  the  presence  of  5  mM  glucose  in  the  Krebs  solution 
tends  to  reduce  the  rate  of  change  in  APD  and  force  of  contraction  as 
compared  to  glucose  free  Krebs  solution  (Fig.  13).  An  elevation  of 
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Fig.  S.  Percent  change  with  tine  in  force  of  contraction 
and  APD  of  papillary  muscle  incubated  in  Krebs 
solution  containing  5  nil  glucose  and  equilibrate 
with  60b  Kg  •  35';  C*2  5b  COp. 
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Comparison  of  the  change  in  APD  with  time  of 
papillary  muscle  incubated  in  Krebs  solution 
containing  5  mil  glucose  and  equilibrated  with 
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Fig.  11.  Effect  on  APD  and  force  of  contraction  of 

incubation  of  a  guinea  pig  papillary  muscle 
in  Krebs  solution  containing  5  mil  glucose 
and  equilibrated  with  95 %  O2  :  CO 2 

(arrow  1) . 
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Fig.  12.  The  sane  experiment  as  in  Fig.  11,  but  a 
subsequent  exposure  to  Krebs  containing 
5  nil  glucose  equilibrated  with  95%  02  : 

5%  COp.  Note  the  increase  in  the  rate  of 
reduction  of  APD  and  force  of  contraction 
as  compared  to  that  shown  in  Fig.  11. 
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glucose  concentration  to  50  mM,  as  expected,  reversed  the  changes  in  APD 
caused  by  incubation  of  the  muscles  in  Krebs  containing  5  mM  or  0  mM 
glucose  and  equilibrated  with  carbogen  (Fig.  10B) .  It  will  be  noted 
that  the  glucose- induced  increase  in  APD  was  similar  regardless  of  whether 
the  reduction  in  APD  occurred  during  anoxia,  partial  anoxia  or  when  the 
medium  was  equilibrated  with  carbogen. 

It  is  clear  from  this  series  of  experiments  that  the  maintenance 
of  a  normal  APD  in  papillary  muscle  is  dependent  upon  the  glucose  con¬ 
centration  of  the  medium  rather  than  the  oxygen  supply.  The  situation 
in  regard  to  force  of  contraction  is  clearly  different  in  that  it  seems 
more  dependent  upon  the  proportion  of  oxygen  in  the  gassing  mixture. 

D.  Osmotically  active  sugars. 

To  be  certain  that  the  effect  of  glucose  was  not  simply  due  to 
an  osmotic  effect,  control  experiments  were  conducted  from  time  to  time 
with  two  non-penetrating,  osmotically  active,  non-electrolytes,  sucrose 
and  D-mannitol.  In  all,  sixty-six  trials  were  carried  out  in  which  sucrose 
(51  trials)  and  D-mannitol  (15  trials)  were  substituted  for  glucose  and 
their  effect  on  the  APD  observed  for  a  period  of  30  to  60  minutes.  In 
no  instance  was  there  an  effect  of  these  compounds  in  concentrations  of 
45  and  70  mM  on  the  APD  which  had  been  reduced  by  incubation  of  the 
muscle  in  Krebs  with  5  mM  or  0  mM  glucose  (Fig.  10C) . 

II.  THE  EFFECT  OF  AGENTS  WHICH  ALTER  THE  TRANSPORT  OF  GLUCOSE  ON  THE 

ELECTRICAL  AND  MECHANICAL  ACTIVITY 
OF  GUINEA  PIG  PAPILLARY  MUSCLE 


A.  Effect  of  increasing  glucose  concentration 

The  foregoing  observations  indicated  that  the  action  potential 
duration  of  ventricular  muscle  was  maintained  at  a  constant  level  when  a 
relatively  high  glucose  concentration  was  present  in  the  bathing  fluid 


. 


fll  nh  tigVKC  lo  r  oiJ'-r  q  .rq  s»f J  r  »qx  Jr  ricob  stock 


Jo  3  a  w  a  <  ulg  >  3;.  Hr  >i  ..f  i.  i )  j<  Y 

. 

ihIt  bo  die w  fair  Li-  «  r  fll 

.  as  Junior  Od  oJ  0£  io  boi:tsc  R  ro  t  bavisado  Q  iA  >rfiJ  no  Jos  '  ^  ilsrlJ 


■ 


3»-rr  mo  aeooujo  ao  thosshaht  am*  aaTjA  hoihw  aiwaaA  ao  Toaaaa  3ht  .ii 


■ 


34  - 


irrespective  of  the  gas  mixture  with  which  the  bath  fluid  was  in  equilibrium. 

It  has  been  suggested  by  MacLeod  and  Daniel  (1965)  that  the  APD  is  somehow 
related  to  the  transmembrane  transport  of  glucose  and  since  glucose  uptake 
in  the  normal  heart  is  a  function  of  glucose  concentration  in  the  perfusing 
medium  (Morgan  et  al.,  1959;  and  Park  et  al.,  1959),  increasing  concentrations 
of  glucose  in  the  bath  medium  should  result  in  an  increasing  APD  of  the 
incubated  muscle. 

To  delineate  more  accurately  the  relationship  between  extracellular 
glucose  concentration  and  APD,  42  experiments  were  carried  out.  When  the 
APD  of  muscles,  incubated  in  Krebs  solution  containing  a  low  glucose 
concentration  and  equilibrated  with  957,  C0_^,  had  been  reduced  to 

about  307,  to  407,  of  the  control  values,  various  concentrations  of  glucose 
were  added  to  the  bath  and  the  effect  on  APD  observed  for  15  to  20  minutes. 

It  will  be  seen  in  Fig.  14  that  glucose  in  all  concentrations  used  in¬ 
creased  the  APD  and  that  this  increase  was  proportional  to  the  glucose 
concentration.  It  will  also  be  seen  that  this  increase  in  APD  was 
proportionately  greater  at  low  concentrations  of  glucose  and  approached  a 
plateau  at  higher  concentrations.  The  result  can  be  most  readily  inter¬ 
preted  as  being  due  to  an  increasing  occupancy  of  a  combining  site 
necessary  for  glucose  transport. 

B.  Effect  of  phlorizin  and  insulin 

From  the  results  of  experiments  on  the  effect  of  various  glucose 
concentrations  on  the  APD  it  appeared  that  an  increase  in  glucose  movement 
into  the  muscle  could  account  for  its  effect  on  electrical  activity.  On 
this  basis  it  was  felt  that  the  effect  of  glucose  could  be  inhabited  by 
phlorizin  which  is  now  recognized  as  a  specific  inhibitor  of  the  glucose 
transport  process  in  various  tissues  (Lotspeich,  1961;  and  Diedrich,  1966)  . 

To  test  this  point  two  series  of  nine  experiments  each  were  carried  out. 

In  one  series,  papillary  muscle  was  exposed  to  a  glucose  free  medium 
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ACTION  POTENTIAL  DURATION  (%  of  50mM  GLUCOSE) 
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Fig.  14.  The  relationship  between  the  APD  of  papillary 
muscle  and  the  glucose  concentration  in  the 
incubation  medium.  In  all  experiments  (num¬ 
ber  in  parentheses)  the  APD  was  reduced  to 
between  30  and  40%  of  control  by  incubation 
in  Krebs  solution  containing  5  mil  glucose 
and  equilibrated  with  93%  Kg  '  5%  CO2,  and 
the  glucose  concentration  then  raised  to  the 
various  levels  shown  in  the  curve.  The  ef¬ 
fect  was  maximum  within  the  20  minute  observa¬ 
tion  period  used.  Vertical  bars  represent 
standard  deviation. 
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equilibrated  with  957>  and  57>  CO  .  Five  minutes  later  various  con- 

2  2 

centrations  of  phlorizin  were  added  to  the  bath  and  when  the  APD  had  been 
reduced  to  30  to  507,  of  the  control  value,  a  given  concentration  of  glucose 
was  added  and  the  effects  observed.  In  the  second  series  of  experiments 
the  effect  of  different  concentrations  of  glucose  was  studied  in  the 
presence  of  one  concentration  of  phlorizin. 

Phlorizin  (0.25  to  4  mM)  has  been  shown  consistently  in  15 
experiments  to  increase  the  rate  of  decrease  in  the  APD  resulting  from 
incubation  of  papillary  muscle  in  Krebs  solution  containing  5  mM  glucose 
equilibrated  with  any  of  the  three  gas  mixtures.  Lower  concentrations 
of  phlorizin  affected  only  the  duration  of  the  action  potential,  whereas 
at  higher  concentrations  there  was  an  effect  on  the  overshoot  and  resting 
potential  as  well.  The  effects  of  phlorizin  were  readily  and  completely 
reversible  by  washing.  Phlorizin  has  also  been  shown  to  consistently  reduce 
the  effects  of  elevated  glucose  on  the  reduced  APD.  A  typical  effect  of 
increasing  concentrations  of  phlorizin  on  the  effect  of  glucose  on  the 
reduced  APD  is  shown  in  Fig.  15  which  shows  that  the  inhibition  increases 
progressively  as  the  phlorizin  concentration  is  raised.  The  effect  of 
phlorizin  was  found  to  be  inversely  proportional  to  the  concentration  of 
glucose  as  can  be  seen  in  Fig.  16.  The  parallelism  of  the  percentage 
inhibition  lines  in  Fig.  16  afford  presumptive  evidence  of  competitive 
antagonism  between  glucose  and  phlorizin. 

Since  insulin  has  been  shown  to  facilitate  the  transport  of 
glucose  into  cardiac  muscle  (Fisher  and  Lindsay,  1956;  and  Morgan  et  al., 
1961a;  and  Morgan  et  al.,  1965),  it  seemed  reasonable  to  suspect  that 
it  might  alter  the  APD  by  itself  or  in  combination  with  glucose.  To 
investigate  this  possibility  two  series  of  experiments  were  carried  out. 

In  the  first  series  the  effect  of  20  mM  glucose  on  the  reduced  APD  was 
determined  in  the  presence  of  two  concentrations  of  insulin  and  in  the 
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The  inhibition  by  phlorizin  of  the  effect  of 
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second  the  effect  of  40  m  units/ml  of  insulin  on  the  action  of  15,  20  and 
25  mM  glucose  on  the  reduced  APD  was  determined.  It  was  observed  that 
insulin  had  no  significant  effect  on  the  actions  of  glucose  (Fig.  17). 

In  additional  experiments  not  shown,  concentrations  of  insulin  from  0.2  m 
unit/ml  to  120  m  units/ml  were  found  to  have  no  effect  on  the  action  of 
glucose  on  the  reduced  APD.  In  a  limited  number  of  trials  insulin  by 
itself  induced  small  increases  in  the  APD  both  when  the  APD  was  at  control 
levels  or  less  than  control. 

Although  the  lack  of  effect  of  insulin  was  surprising  it  must 
be  remembered  that  the  glucose  taken  up  as  a  result  of  high  extracellular 
concentration  is  directly  metabolized  whereas  that  as  a  result  of  insulin 
action  may  be  found  deposited  as  glycogen  (Villar-Palasi  and  Larner  1958 
and  1961)  .  This  difference  will  become  more  significant  later  in  this 
presentation. 

In  contrast  to  its  action  on  the  effect  of  glucose  on  the  reduced 
APD,  insulin  was  found  to  consistently  prevent  or  reverse  the  inhibiting 
action  of  phlorizin  on  the  effect  of  glucose  on  the  APD.  Ten  experiments 
were  carried  out  in  which  the  effect  of  glucose  on  the  reduced  APD  was 
determined  before  and  after  exposure  of  the  muscle  to  0.5,  1  or  2  mM 
phlorizin  and  also  after  phlorizin  plus  various  concentrations  of  insulin. 

A  typical  result  from  a  single  experiment  is  shown  in  Fig.  18.  It  may  be 
seen  that  insulin  partially  antagonized  the  inhibitory  effect cf  phlorizin 
on  the  action  of  glucose  on  the  reduced  APD.  Insulin  consistently  and 
completely  antagonized  the  effect  of  lower  concentrations  of  phlorizin 
while  it  was  ineffective  as  an  antagonist  of  higher  concentrations  (Fig.  19). 

These  findings  with  glucose,  phlorizin  and  insulin  appeared  to 
demonstrate  that  the  APD  is  a  function  of  glucose  uptake. 


noi  job  srfJ  nc  niij^enl  lo  I'YAaJim/  trr  0&  la  Jos  1  Is  U  1  od«b 
•'  3 1  .  >c .  .  .  ■  .i.  i  ,-■<  1. ■  o  I  -i  a  )u 

tr.wc  p  :  i.  j  to  n  ■  '  n 

.lox  i/109  n  Wi  1  aasl  :ro  alaval 


i  .  :  r  niluani.  lo  insl'fi.  o  :  ;  :  ;  \ 

■  t,  Jb  £  >-  <  .1  r  -  •  i ...  :J  i  ’S* 1  ‘J  W 

:  ibJ  bn£  tbIIIV)  nagoo^Ig  as  baJ.raoqjb  brwe  t  at!  yst u  nokon 

<  J  ni  X93bJ  3.  63.t’li  gi  i  sioro  >ai<  39d  -Ijw  :■  >  u  .(Id'  •  b  e 


>c  ;f-Ji  e.-to  no  a a cauls  o  j o  9  ~i  91X3  no  nc  Jon  a3i  o3  Sasi »oaa  u  . 


<  ,.Moi3'J6  arlJ  no 

»  ■  '•  «  O  ;  r<-  i  h:  ;  '  s  ; 


MANGE 


Fig.  17.  The  influence  of  40  m  units/nl  insulin  on  the 
effect  of  15,  20,  and  25  rii  glucose  on  the  re- 
duced  APD.  The  experiments  were  carried  out  in 
Krebs  containing  5  mM  glucose  (Np  :  CO?) .  The 
number  of  experiments  is  shown  in  parenthesis. 
Vertical  line  on  each  bar  is  S.D.  The  hori¬ 
zontal  lines  represent  the  mean  ±  S.D.  of  APD 
prior  to  glucose  concentrations  listed  above. 
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Fig.  18.  The  prevention  by  insulin  of  the  inhibitory 
action  of  phlorizin  on  the  effect  of  glucose- 
on  the  reduced  APD.  At  arrow  1,  glucose  fre 
Krebs  (hT2  ‘  COp)  and  in  III  100  m  units,  nl 
insulin.  At  arrow  2,  1  n>I  phlorizin;  at 
arrow  3,  30  nM  glucose. 
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Fig.  19.  Effect  of  25  mM  glucose  on  the  reduced  APD 
during  anoxia  in  the  presence  of  phlorizin 
and  phlorizin  plus  insulin.  The  horizontal 
lines  represent  the  APD  (mean  ±  S.D.)  prior  to 
various  experimental  procedures.  Each  bar 
represents  the  effect  of  25  mM  glucose;  A  control, 

B  plus  40  m  units/ml  insulin,  C  plus  0.5  mM  phlorizin, 
D  plus  40  m  units/ml  insulin  +  0.5  mM  phlorizin, 

E  plus  2  mM  phlorxzin,  F  40  m  units/ml  insulin 
plus  2  mM  phlorizin. 

Note  that  insulin  reversed  the  effect  of  0.5  mM 
phlorizin  (bar  D)  but  not  that  of  2  mM  phlorizin 
(bar  F) .  Number  of  experiments  in  parentheses. 
Vertical  lines  at  the  top  of  each  bar  show 
standard  deviation. 
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III.  the  EFFECT  OF  NONMETABOLI ZABLE  SUGARS  ON  THE  ELECTRICAL 
AND  MECHANICAL  ACTIVITY  OF  GUINEA  PIG  PAPILLARY  MUSCLE 

As  reported  by  MacLeod  and  Daniel  (1965)  the  action  of  glucose 
on  the  APD  could  be  partially  duplicated  by  the  nonmetabolizable  sugars 
D-xylose  and  2-deoxyglucose  which  are  thought  (Kipnis  and  Cori,  1959  and 
Fisher  and  Zachariah,  1961)  to  be  transported  by  the  glucose  transport 
system.  Since  the  effects  of  these  sugars  were  variable  it  was  decided 
to  extend  these  experiments  to  include  a  number  of  other  sugars  which 
are  thought  (Fisher  and  Zachariah,  1961;  Battaglia  and  Randle,  1960;  and 
Morgan  et  al.,  1964)  to  be  also  transported  by  the  glucose  transport 
system  (L-arabinose ,  3-0-methylglucose ,  D-galactose)  in  addition  to 
D-xylose  and  2-deoxyglucose,  and  those  which  are  either  transported  by 
a  system  other  than  the  glucose  transport  system  or  not  transported  at 
all  (L-glucose ,  Oi  -methyl-D-glucoside)  (Battaglia  and  Randle,  1960; 
Henderson,  1964;  and  Morgan  et  al.,  1964).  The  experiments  were  carried 
out  by  incubating  the  muscles  in  Krebs  solution  containing  5  mM  or  0  mM 
glucose  equilibrated  with  one  of  the  three  gas  mixtures  until  the  APD  was 
reduced  to  between  35  and  457,  of  control,  then  adding  the  test  sugar. 

A.  2-Deoxyglucose 

As  can  be  seen  in  Table  I  which  summarizes  all  the  data  for  this 
series  of  experiments,  2-deoxyglucose  was  without  effect  on  the  APD  under 
all  circumstances  studied.  On  the  contrary  it  was  found  to  enhance  the 
rate  of  reduction  of  the  APD  during  incubation  of  muscle  in  low  glucose 
Krebs.  In  the  main  these  findings  are  in  contrast  to  those  reported  by 
MacLeod  and  Daniel  (1965).  However,  it  was  pointed  out  by  these  authors 
that  2-deoxyglucose  did  interfere  with  the  action  of  glucose  on  the  APD. 
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TABLE  I 


THE  EFFECT  OF  NONMETABOLI ZABLE  SUGARS  ON  THE  REDUCED  ACTION  POTENTIAL 
DURATION  AND  THEIR  EFFECT  ON  THE  RESPONSE  TO  GLUCOSE 


Number  of  experiments  in  which  the 
ability  to  increase  the  reduced  APD 
was  present  or  absent  with  different 


95%  02 

:5%  CO 

2 

60%  N  :35%  0 
: 5%  C02 

95%  N2 

:  5%  C02 

Competi¬ 
tion  with 
glucose 

Cone.  mM 

Present 

Absent 

Present 

Absent 

Present 

1 _ _ _ 

Absent 

i 

Present 

Absent 

D-xylose 

30 

3 

7 

0 

6 

0 

0 

4 

0 

45 

9 

5 

0 

4 

4 

26 

12 

0 

50 

- 

- 

- 

- 

1 

4 

1 

0 

90 

- 

- 

- 

- 

0 

1 

1 

0 

L-arabi- 

30 

- 

- 

- 

- 

- 

1 

1 

0 

nose 

45 

14 

4 

0 

6 

0 

7 

7 

0 

70 

0 

2 

- 

- 

- 

- 

- 

- 

3-0- 

25 

0 

3 

0 

8 

— 

— 

5 

0 

me thy 1- 
glucose 

45 

' 

' 

0 

2 

0 

3 

2 

0 

2-deoxy- 

20 

0 

6 

0 

3 

0 

11 

8 

0 

glucose 

30 

0 

7 

0 

4 

0 

8 

6 

0 

40 

0 

1 

- 

- 

- 

- 

1 

0 

45 

0 

15 

0 

11 

0 

8 

5 

0 

D-gala- 

45 

0 

5 

0 

4 

0 

12 

6 

0 

ctose 

50 

- 

- 

- 

- 

0 

2 

- 

- 

L-glucose 

20 

0 

2 

0 

3 

0 

3 

0 

3 

30 

0 

3 

0 

3 

0 

3 

0 

3 

45 

0 

3 

0 

3 

0 

4 

0 

3 

Cd-methy  1- 

20 

0 

3 

0 

3 

0 

2 

0 

4 

D-gluco- 

25 

0 

2 

0 

5 

0 

3 

0 

2 

side 

45 

0 

2 

0 
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0 

6 

0 
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Preliminary  experiments  have  also  shown  that  45  mM  2-deoxyglucose  will 
reduce  the  APD  of  muscle  incubated  in  normal  Krebs  solution  equilibrated 
with  carbogen. 

B .  D-xylose 

In  contrast  to  2-deoxyglucose  xylose  was  found  to  affect  the 
APD  but  only  in  the  presence  of  oxygen  (Table  I  )  and  only  in  about 
one-half  of  the  trials.  The  effect  was  partial  in  that  the  APD  did  not 
fully  return  to  control  levels  and  whatever  effect  occurred,  developed 
slowly. 

C.  L-arabinose 

The  results  with  arabinose  were  very  similar  to  those  obtained 
with  xylose  (Table  I) .  Again,  the  effect  developed  slowly  and  was 
never  complete.  Neither  xylose  nor  arabinose  appeared  to  enhance  the 
reduction  of  the  APD  in  low  glucose. 

D.  3-Q-methylglucose 

This  sugar,  probably  more  than  any  other  used  in  these  experi¬ 
ments,  has  been  used  as  a  marker  for  glucose  movement  in  a  great  variety 
of  preparations.  It  is  considered  to  have  equal  affinity  for  transport 
with  glucose  and  must  be  considered  to  possess  all  the  characteristics 
of  glucose  insofar  as  transport  is  concerned.  It  can  be  seen  in  Table  I 
that  3-0-methylglucose  was  completely  without  effect  on  the  reduced  APD. 
In  addition,  it  resembled  2-deoxyglucose  in  increasing  the  rate  of 
reduction  of  the  APD  in  low  glucose  Krebs  solution. 

E.  L-glucose,  Q^-methy 1-D- glucos ide  and  D-galactose 

As  can  be  seen  in  Table  I  these  three  compounds  were  without 


effect  on  the  APD  in  any  respect. 


9-f 38U8T  ic.  liS'A-»di  99UbdT 


.n  ‘godiaD  riJlw 


- 


■ 

. 


■  • 


■ 


. 


ri  1  ■  i  TTC  f  W  (  ■  ■  --J  *  •  -*  ~f  J;  J 


■ 


J  -  i  -fr:  r  J7  r  u  ,  -  ,  .  , 


39 


It  was  considered  important  to  know  whether  in  fact  those  non- 
metabolizable  sugars  used  in  this  study  were  transported  by  the  glucose 
transport  system  or  not.  Since  a  common  transport  system  for  two  or  more 
compounds  implies  that  a  competition  for  transport  between  the  compounds 
exists,  a  high  concentration  of  one  should  reduce  the  transport  of  another. 
On  this  basis  we  conducted  experiments  in  which  those  nonmetabolizable 
sugars  used  in  this  study  were  examined  for  their  possible  interference 
with  the  action  of  glucose  on  the  APD.  The  experiments  were  conducted 
under  conditions  in  which  only  glucose  had  been  shown  to  alter  the  APD* 

A  reduction  in  the  effect  of  glucose  on  the  APD  by  another  sugar  was 
considered  presumptive  evidence  of  a  competition  for  the  transport 
between  glucose  and  the  test  sugar. 

It  can  be  seen  in  Table  I  and  Figs.  20  and  21  that  D-xylose, 

2- deoxy glucose ,  L-arabinose,  3-0-methylglucose  and  D-galactose  all 
reduce  the  action  of  glucose  on  the  APD  whereas  L-glucose  and  CC-me  thyl-D- 
glucoside  do  not.  The  actions  of  all  the  competing  sugars  were  similar 
although  2- deoxy glucose  and  3-0-methylglucose  were  somewhat  more  active. 

The  foregoing  series  of  experiments  suggested  that  non¬ 
metabolizable  sugars  which  appear  to  be  transported  by  the  glucose  trans¬ 
port  system  could  not  duplicate  the  effect  of  glucose  on  the  APD.  These 
findings  supported  an  assumption  that  the  transport  of  glucose  per  se 
was  not  responsible  for  its  effect  on  the  APD.  It  also  appeared  to  rule 
out  an  action  dependent  on  the  intracellular  accumulation  of  free  sugar, 
as  was  suggested  by  MacLeod  and  Daniel  (1965) .  The  results  indicated  the 
importance  of  considering  some  aspect  of  the  anaerobic  metabolism  of 
glucose  as  an  explanation  for  its  effect  on  the  APD  despite  the  fact  that 
some  nonmetabolizable  sugars  also  altered  the  APD,  even  though  in  the 
presence  of  oxygen. 
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Fig.  20.  Effect  of  25  riM  glucose  on  the  reduced  APD  in  the 
absence  and  in  the  presence  of  various  non-net ab- 
olizable  sugars.  Experiments  were  conducted  in 
low  glucose  Krebs  (0g  :  CO2) .  The  upper  three 
tracings  in  each  quarter  of  the  figure  show  the 
control  effect  of  glucose  added  at  arrow  2.  The 
lover  three  tracings  in  each  quarter  show  the 
effect  of  glucose  in  the  presence  of  45  cM  arabi- 
nose  (A),  D-galactcse  (3) ,  2-deoxyglucese  (C)  and 
a-methyl- D-glucosice  (0).  Note  that  the  effect 
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I  2 

Effect  of  25  cf-I  glucose  on  the  reduced  APD  in 
the  presence  of  3-0-methylglucose  and  L-glucose. 
Row  I:  the  control  effects  of  25  rfi  glucose 
added  at  arrow  3. 

Row  II:  the  effect  of  20  nil  3-0-nethy Iglucose 
(IIC)  and  subsequent  25  mil  glucose  (IID)  . 

Row  III:  the  effects  of  20  zM  L-glucose  (IIIC) 
and  subsequent  25  zM  glucose  (HID)  .  Note 
absence  of  effect  of  either  3-0-zethylglucose 
or  L-glucose  on  the  APD.  Also,  reduction  in  the 
effect  of  glucose  by  3-0-zethylglucose. 
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IV.  THE  EFFECT  OF  INHIBITORS  OF  CARBOHYDRATE  METABOLISM  ON  THE 
ELECTRICAL  AND  MECHANICAL  ACTIVITY  OF  PAPILLARY 
MUSCLE  AND  ON  THE  EFFECT  OF  GLUCOSE 

The  results  of  studies  carried  out  with  nonraetabolizable  sugars 
reported  in  the  preceding  section  suggested  the  possibility  that  the  effect 
of  glucose  upon  repolarization  is  linked  with  energy  production.  To  test 
this  possibility,  the  effects  of  various  inhibitors  of  carbohydrate  metabolism 
on  the  APD  were  investigated.  Furthermore,  if  an  inhibitor  acts  specifically 
on  one  enzyme  in  a  series  of  enzyme  catalyzed  reactions,  the  addition  of  the 
intermediate  substrate  that  is  normally  formed  by  the  action  of  this  enzyme 
should  allow  at  least  temporary  and  partial  recovery  of  the  system.  There¬ 
fore,  experiments  were  also  performed  to  investigate  the  abilities  of 
various  substrates  to  counteract  or  antagonize  the  effect  of  metabolic 
inhibitors  on  the  APD. 

A.  Iodoacetate 

Iodoacetate  (IAA)  in  low  concentration  is  known  to  inhibit  triose- 
phosphate.  dehydrogenase,  thereby  blocking  glycolysis  and  inhibiting  the 
formation  of  pyruvate  from  glycogen  or  glucose  (Dixon,  1937;  and  Green 
et  al . ,  1937)  . 

In  18  experiments  the  effects  of  10“5  M  or  0.25  x  10"^  M  IAA 
on  the  electrical  activity  of  the  papillary  muscle  in  low  glucose  Krebs 
solution  equilibrated  with  either  carbogen  or  957,  N2:57>  C02  were  investigated. 
The  lower  concentration  of  IAA  (10‘5  M)  markedly  reduced  the  APD  within 
20  to  30  minutes  without  a  reduction  in  the  resting  potential  or  overshoot 
as  can  be  seen  in  Fig.  22.  Prolonged  exposure  of  the  muscle  to  IAA 
affected  the  overshoot  and  resting  potential  (Fig.  22) .  IAA  increased 
the  rate  of  reduction  of  the  APD  when  the  muscle  was  incubated  in  Krebs 
solution  equilibrated  with  957.  N  and  5%  C0r  as  well  as  carbogen. 
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Fig.  22.  Effect  of  lCT-'M  LAA  on  the  action  potential  of 
a  papillary  muscle  in  Krebs  solution  containing 
5  niM  glucose  (carbogen) .  Arrow  1,  glucose  re¬ 
duced  to  5  eM;  arrow  2,  10“ IAA.  Note  over¬ 
shoot  decline  at  25  minutes,  reduction  in  rest¬ 
ing  potential  at  40  minutes. 
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The  effects  of  the  low  concentration  of  IAA  were  almost  completely 

reversed  within  one  hour  by  washing  with  normal  Krebs  solution.  At  the 

-3 

higher  concentration  of  IAA  (0.25  x  10  M)  ,  the  effects  appeared  much 

more  rapidly  and  were  almost  irreversible  as  can  be  seen  in  Fig.  23. 

In  9  experiments  where  a  reduction  in  APD  was  induced  by  the 

low  concentration  of  IAA,  glucose  in  concentrations  of  15,  20,  and  30  mM 

was  ineffective  in  increasing  the  APD  whereas  sodium  pyruvate  (5  to  10  mM) 

did  partially  increase  the  APD  toward  control  level  (Fig.  24).  In  6  experi- 

-3 

ments  in  which  a  high  concentration  (0.25  x  10  M)  of  IAA  was  used, 

neither  glucose  (50  mM)nor  sodium  pyruvate  (10  mM)  was  effective  in 

restoring  the  APD  towards  control  level  (Fig.  25A) .  When  the  solution 

containing  IAA  was  replaced  several  times  during  an  hour  the  effect  of 

sodium  pyruvate  on  the  APD  was  found  to  return  but  not  that  of  glucose 

(Fig.  25B) .  Sodium  pyruvate  was  also  found  to  be  ineffective  when  95% 

and  57o  CO^  was  in  equilibrium  with  the  Krebs  solution.  The  blockade  of 

the  effect  of  sodium  pyruvate  by  the  higher  concentration  of  IAA  was  not 

surprising  since  it  has  been  demonstrated  that  it  is  a  general  sulphydryl 

inhibitor  in  high  concentration  (Green  et  al.,  1937). 

B.  Sodium  cyanide 

In  three  experiments  sodium  cyanide  (NaCN,  0.5  to  4  mM)  which 
is  known  to  block  oxidative  metabolism  (Coraboeuf  et  al. ,  1959;  and 
Lifttgau,  1965)  was  found  to  markedly  increase  the  rate  of  reduction  of  the 
APD  of  papillary  muscle  incubated  in  Krebs  solution  containing  5  mM 
glucose  and  equilibrated  with  carbogen.  This  effect  of  NaCN  was  con¬ 
centration  dependent  and  the  earliest  effect  was  a  decrease  in  con¬ 
tractile  activity.  This  was  followed  by  a  reduction  in  APD  and  after 
prolonged  exposure  to  high  concentrations  of  NaCN  a  reduction  in  the 
resting  potential  and  overshoot  was  also  observed.  Three  experiments 
were  also  performed  in  the  presence  of  carbogen  in  which  the  effect  of 
glucose  or  pyruvate  on  the  reduced  APD  in  the  presence  of  sodium  cyanide 
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23.  Effect  of  0.25  x  10" JM  IAA  on  the  APD  of  pap¬ 
illary  muscle.  At  arrow  1,  Krebs  containing 
5  mM  glucose  (carbogen);  at  arrow  2,  0.25  x 
10~^M  IAA;  at  arrow  3,  normal  Krebs  solution 
(carbogen).  Note  only  very  slight  recovery  of 
APD  following  restoration  of  control  condition 
for  180  minutes . 
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Fig.  24 


Fffect  of  sodium  pyruvate  on  the  APD  reduced 
by  IAA.  At  arrow  1,  Krebs  containing  5  mM 
glucose,  10 ~ IAA  (carbogen) ;  at  arrow  2,  20 
nil  glucose;  at  arrow  3,  10  nM  sodium  pyruvate 
Note  lack  of  effect  of  glucose  on  the  APD  con¬ 
trasted  with  the  marked  effect  of  sodium  pyru¬ 
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Fig.  25.  Effect  of  sodium  pyruvate  and  glucose  on  the 

APD  of  papillary  muscle  reduced  by  0.25  x  10"^M  IAA. 

A.  At  arrow  1,  Krebs  containing  5  mM  glucose 

■  (carbogen) ;  at  arrow  2,  0.25  x  10~^M  IAA;  at 

arrow  3,  25  irM  glucose;  at  arrow  4,  10  mM 
sodium  pyruvate;  at  arrow  5,  return  to  control 
conditions . 

B.  First  tracing  shows  partial  recovery  of  the 
APD  20  minutes  after  return  of  control  conditions 
at  A5.  At  arrow  1,  10  mM  sodium  pyruvate; 

at  arrow  2,  control  conditions.  (Note  re¬ 
covery  of  the  effect  of  sodium  pyruvate  on  APD) • 
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was  investigated.  It  was  observed  that  while  sodium  pyruvate  was  ineffective 
in  increasing  the  APD  reduced  by  NaCN,  glucose  could  completely  restore  the 
APD  to  control  values  (Fig.  26A) . 

Two  experiments  were  conducted  in  which  the  muscle  was  exposed  to 
both  IAA  and  NaCN.  Under  these  conditions  glucose  (30  niM)  and  sodium 
pyruvate  (10  niM  were  found  to  be  ineffective  in  restoring  the  APD  towards 
normal  (Fig.  26B)  . 

C.  2,4-Dinitrophenol 

2,4-dinitrophenol  (DNP)  is  believed  to  uncouple  aerobic  oxidation 
and  the  generation  of  energy  rich  phosphate  bonds  (Loomis  and  Lipmann,  1948) . 
As  a  result,  a  deficiency  in  the  supply  of  high  energy  phosphate  is  created. 
The  effect  of  DNP  (10  ^  M  or  2  x  10"^  M)  on  the  electrical  activity  of 
guinea  pig  papillary  muscle  was  investigated.  DNP  was  found  to  reduce  the 
APD  to  an  extent  greater  than  that  occurring  as  a  result  of  incubation  of 
the  muscle  in  Krebs  solution  containing  3  mM  glucose.  The  rapidity  of  the 
appearance  of  the  effect  and  the  extent  of  the  effect  were  dependent  upon 
concentration  and  upon  the  gassing  mixtures  used.  The  earliest  and  the 
most  pronounced  effect  was  the  shortening  of  the  APD  which  was  progressive. 
The  shortening  in  APD  was  not  associated  with  any  significant  change  in 
the  height  of  the  action  potential.  Subsequently  there  occurred  a  decrease 
in  overshoot  and  membrane  resting  potential.  Prolonged  exposure  of  the 
muscle  to  the  higher  concentration  (2  x  10”^  M)  of  DNP  markedly  reduced 
the  overshoot,  APD  and  membrane  resting  potential.  All  of  these  changes 
were  completely  reversed  by  washing  the  muscle  with  normal  Krebs  solution. 

To  determine  whether  an  increased  glucose  concentration  can 
create  a  normal  APD  in  the  presence  of  DNP,  six  experiments  were  carried 
out  under  aerobic  conditions  in  which  the  effect  of  DNP  on  the  effect  of 
45  mM  glucose  on  the  reduced  APD  was  investigated.  A  typical  trial  is 
shown  in  Fig.  27.  It  is  evident  that  glucose  in  the  presence  of  DNP 
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Fig.  26.  Effect  of  sodium  cyanide  onthe  APD  of  pap¬ 
illary  muscle. 

J  i 

A.  At  arrow  1}  Krebs  containing  5  mil  glucose 
(carbogen) ;  at  arrow  2,  1  mM  NaCN;  at  arrow 
3,  10  mM  sodium  pyruvate:  at  arrow  4,  30  mil 
glucose.  Note  rapid  recovery  of  APD  following 
30  mM  glucose. 

B.  As  in  A,  but  at  arrow  2,  1  nM  NaCN  plus 
10-5>I  L4A . 
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Fig.  27.  Effect  of  2, 4-dinitrophenol  on  the  APD 

and  force  of  contraction  of  papillary  muscle. 
Arrow  1,  low  glucose  Krebs  solution  (carbogen) . 
At  arrow  2,  lO'^M  DNP ;  at  arrow  3,  45  mM 
glucose . 
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almost  completely  restored  the  reduced  APD  to  the  control  level. 

These  results  with  inhibitors  of  carbohydrate  metabolism  indicate 
that  the  maintenance  of  APD  is  dependent  upon  an  energy  source,  probably 
anaerobic  glucose  metabolism. 

V.  THE  EFFECT  OF  AGENTS  WHICH  STIMULATE  GLYCOGENOLYSIS  ON  THE  ELECTRICAL 
AND  MECHANICAL  ACTIVITY  OF  GUINEA  PIG  PAPILLARY  MUSCLE 

It  has  been  well  established  that  the  sympathomimetic  amines  and 

the  xanthines  stimulate  glycogenolysis  through  activation  of  glycogen 

phosphorylase  (Sutherland,  1950).  Therefore  it  was  thought  necessary  to 

investigate  the  effects  of  some  sympathomimetic  amines  and  aminophylline 

on  the  electrical  activity  of  the  guinea  pig  papillary  muscle.  All  the 

experiments  in  this  section  have  been  carried  out  in  Krebs  solution 

containing  5  mM  glucose  equilibrated  with  60%  N  :  35%>  0  :  5%  CO  ,  except 

2  2  ^ 

when  otherwise  indicated  in  the  records. 

A.  Sympathomimetic  amines 

1.  Adrenaline  and  isopropylnoradrenaline 

Adrenaline  has  been  shown  to  stimulate  glycogenolysis  by  promot¬ 
ing  the  accumulation  of  cyclic  3 1 ,5 '-adenosine  monophosphate  (3',5I-AMP), 
which  in  turn  stimulates  phosphorylase  b  kinase,  which  transforms  phosphory¬ 
lase  b  to  phosphorylase  a  (Rail  and  Sutherland,  1958;  Krebs  et  al.,  1958; 
and  Butcher  and  Sutherland,  1962).  Ellis  et  al .  (1957)  also  showed  that 

adrenaline  increased  glycogenolysis  and  phosphorylase  activity.  Vincent 
and  Ellis  (1963)  showed  a  usual  increase  in  glycogenolysis  and  force  of 
contraction  with  adrenaline  in  guinea  pig  heart.  These  observations 
indicate  that  adrenaline  increases  glycolysis  by  increasing  glycogenolysis. 
If  this  is  the  case  and  if  as  has  been  indicated  in  the  preceding 
section  the  maintenance  of  the  APD  is  linked  with  glycolysis,  then 

sympathomimetic  amines  should  be  able  to  restore  the  reduced  APD  towards 

the  control  value,  by  increasing  glycogenolysis  and  hence  increasing 
glycolysis.  In  seventeen  experiments  the  effects  of  adrenaline  and 
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isopropylnoradrenaline  (INA  ,  0.25  to  2  |jg/ml)  on  the  reduced  APD  of 

papillary  muscle  incubated  in  Krebs  solution  containing  5  mM  glucose 
were  investigated.  It  was  observed  that  both  adrenaline  and  INA  were 
able  to  increase  the  APD  under  all  conditions  studied.  A  result  with 
INA  is  shown  in  Fig.  28  where  it  can  be  seen  that  0.5  pg/ml  INA  caused 
a  marked  increase  in  force  of  contraction  and  APD.  The  effect  of  these 
agents  on  the  APD  was  concentration  dependent  (Fig.  29) . 

2.  Correlation  between  electrical  and  mechanical  effects 

It  has  been  demonstrated  that  there  is  a  simultaneous  increase 
in  myocardial  contractile  force  and  augmentation  of  phosphorylase 
activity  after  administration  of  adrenaline  (Hess  and  Haugaard ,  1958; 
and  Cotten  and  Moran,  1961) .  This  being  the  case  and  since  glycogenolysis 
is  related  to  phosphorylase  activity  in  the  heart  (Ellis  et  al.,  1957), 
it  should  be  possible  to  demonstrate  a  relationship  between  the  increase 
in  APD  and  increase  in  force  of  contraction  of  papillary  muscle  with  INA. 

Fifteen  experiments  were  carried  out  in  which  the  time  course 
of  the  effect  of  0.5  pg/ml  INA  on  the  reduced  APD  and  contractile  activity 
of  papillary  muscle  was  investigated.  It  was  observed  that  the  increase 
in  the  APD  was  synchronous  with  an  increase  in  the  contractile  force  over 
the  period  of  observation  (Fig.  30) .  The  effect  began  immediately  and 
reached  its  maximum  between  1  and  3  minutes  after  exposure  of  the  muscle 
to  INA.  The  effect  then  started  decreasing  and  was  over  within  5  to  15 
minutes.  It  was  interesting  that  the  decrease  in  the  APD  was  associated 
with  a  decrease  in  the  contractile  force. 

3.  Relative  potency  of  sympathomimetic  amines 

It  has  been  reported  by  Kukovetz  et  al.  (1959)  that  in  the 
rat  heart  the  potency  of  INA  was  about  five  times  that  of  adrenaline 
when  contractile  force  or  enzyme  activity  was  measured;  noradrenaline 
was  twice  as  potent  as  adrenaline.  It  was  therefore  of  interest  to 
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Eifect  of  INA  on  reduced  APD  and  force  of  con¬ 
traction  of  papillary  muscle.  At  arrow  1,  Krebs 
solution  containing  5  mM  glucose  equilibrated 
with  95%  N2  :  5%  C02.  At  arrow  2,  0.5  „gm/nl 
INA.  '  ' 
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Fig.  29.  Effect  of  increasing  concentrations  of  INA 
on  reduced  APD  of  papillary  muscle.  At 
arrow  1  in  all  three  muscles,  Krebs  contain¬ 
ing  5  mM  glucose  (N2  :  O2  :  CO2)  •  At  arrow  2, 
0.4  pgm/ml  INA  in  muscle  I,  1  pgn/ml  INA  in 
muscle  II  and  2  p.gm/ml  INA  in  muscle  III. 
Increases  in  APD  in  I,  46  to  66  msec  =+  43%, 
II,  40  to  86  msec  =  +  115%  and  III,  38  to 
108  msec  =  +  184%,. 
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Fig.  30.  The  effect  of  0.5  ugm/ml  INA  on  the  force  of 

contraction  and  reduced  APD  of  papillary  muscle. 
Records  show  the  changes  in  APD  and  force  of 
contraction  at  every  5th  beat  and  at  3  and  15 
minutes  from  exposure  of  the  muscle  to  INA.  At 
arrow  1,  Krebs  containing  5  mM  glucose  (N2  : 

CO2) ;  at  arrow  2,  IXA. 
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determine  the  potency  of  adrenaline,  noradrenaline  and  INA  in  increasing 
the  reduced  APD  towards  control  values. 

Fourteen  experiments  were  carried  out  in  which  the  effects  of 
0.25,  0.5  or  1.0  (ig/ml  each  of  adrenaline,  noradrenaline  and  INA  on  the  APD 
which  had  been  reduced  to  approximately  l/3  control  value  in  low  glucose 
Krebs  equilibrated  with  95%  :  5%  CO^,  were  investigated.  The  percent 

increases  in  the  APD  as  a  result  of  exposure  of  the  muscle  to 
adrenaline,  noradrenaline  and  INA  are  given  in  Fig.  31.  INA  was  about  4.4 
times  as  potent  as  adrenaline  and  noradrenaline  was  approximately  1.45  times 
as  potent  as  adrenaline.  These  values  are  remarkably  similar  to  those 
reported  by  Kukovetz  et  al.  (1959)  mentioned  above. 

4.  Correlation  between  effect  of  myocardial  glycogen  phosphorylase 
activation  and  effect  on  electrical  activity. 

It  has  been  reported  that  there  is  a  direct  correlation  between 
the  positive  inotropic  effect  of  sympathomimetic  amines  and  activation  of 
glycogen  phosphorylase  (Hess  and  Haugaard,  1958;  Kukovetz  et  al.,  1959; 

Mayer  and  Moran,  1960  and  Drummond  et  al.,  1966a).  They  observed  that  INA, 
noradrenaline  and  adrenaline,  which  increased  the  contractile  force,  also 
activated  phosphorylase;  phenylephrine  which  even  in  high  concentrations 
was  capable  of  eliciting  only  a  moderate  effect  on  the  contractile  force, 
produced  a  small  but  significant  increase  in  phosphorylase  a.  They  also 
reported  that  methoxamine  which  has  virtually  no  positive  inotropic 
action,  failed  to  activate  phosphorylase  even  at  highest  concentrations. 

It  was  therefore  considered  of  interest  to  study  the  effects  of 
methoxamine  and  phenylephrine  on  the  reduced  APD  of  guinea  pig  papillary 
muscle. 

In  three  experiments  the  effects  of  250,  500  and  1000  p.g/ml  of 
methoxamine  were  investigated  on  the  reduced  APD  in  either  95%  N2?5%  CO^  or 
95%  0:5%  CO  .  In  none  of  the  concentrations  used  was  methoxamine  effective 
in  restoring  the  reduced  APD  towards  control  levels.  Fig.  32  shows  records 
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Percent  change  in  the  reduced  APD  of  papillary 
muscle  caused  by  0.25  ugm/ml  each  of  adrenaline, 
noradrenaline  and  IXA.  Percentage  is  calculated 
from  the  reduced  .APD.  Vertical  lines  =±  SD; 
number  of  experiments  in  parentheses. 
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from  a  trial  in  which  methoxamine  was  found  to  be  ineffective  whereas 
noradrenaline  produced  an  increase  in  the  APD . 

The  effects  of  phenylephrine  (5,  10  and  20  (j.g/ml)  were  studied 
on  the  reduced  ^PD  in  5  experiments.  Control  experiments  with  0.5  p.g/ml 
INA  were  also  conducted  in  each  series.  Phenylephrine  had  no  effects  on 
either  APD  or  mechanical  activity  in  concentrations  of  5  and  10  |j.g/ml  but 
it  caused  an  increase  in  the  APD  and  mechanical  activity  at  a  concentration 
of  20  pg/ml  (Fig.  33) . 

5.  Interaction  of  isopropylnoradrenaline  and  acetylcholine 

Complete  antagonism  of  the  glycogenolytic  effect  of  adrenaline 
by  acetylcholine  in  perfused  guinea  pig  heart  has  been  reported  by  Vincent 
and  Ellis  (1963)  .  They  also  reported  that  acetylcholine  alone  did  not 
significantly  increase  the  cardiac  glycogen  level.  It  was  therefore  decided 
to  determine  whether  or  not  acetylcholine  would  antagonize  the  effect  of 
INA  on  the  reduced  APD.  Four  experiments  were  carried  out  in  which  the 
papillary  muscle  was  exposed  to  acetylcholine  (10  |j.g/ml)  for  1  to  2  minutes 
after  the  APD  had  been  reduced  to  approximately  1/3  of  control  value  and 
the  effect  of  0.5  p.g/ml  INA  on  the  APD  determined.  Acetylcholine  was  found 
to  markedly  antagonize  the  effect  of  INA  on  APD  as  can  be  seen  in  Fig.  34. 

6.  Adrenergic  blocking  agents 

It  has  been  reported  that  adrenaline* induced  phosphorylase 
activation  in  the  heart  was  blocked  by  various  beta-adrenergic  blocking 
agents.  Ay  64043  (propranolol),  pronethalol  and  dichloroisoproterenol  (DCI) 
while  alpha-adrenergic  blocking  agents  piperoxan  and  phenoxybenzamine  were 
ineffective  (Mayer  and  Moran,  1960;  and  Dhalla,  1966b).  Since  glyco- 
genolysis  is  dependent  upon  phosphorylase  a,  beta-adrenergic  blocking 
agents  should  be  able  to  block  the  effect  of  adrenaline  on  APD  while 
alpha-adrenergic  blocking  agents  should  be  ineffective. 
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Fig.  33.  Effect  of  20  ugm/ial  phenylephrine  on  the  force 
of  contraction  and  reduced  APD  of  papillary 
muscle  as  compared  to  0.5  ..gm/ml  INA.  At  arrow 
1,  in  both  A  and  B,  Krebs  containing  5  nil  glucose 
(N2  :  COg) ;  at  arrow  2A,  INA;  and  at  arrow  2B, 
phenylephrine . 
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Fig.  34.  Effect  of  0.5  pgin/ml  INA  on  the  force  of 

contraction  and  reduced  APD  of  papillary  muscle 
before  and  after  exposure  of  the  muscle  to 
10  pgm/ml  acetylcholine.  At  arrowi'l,  Krebs 
containing  5  mM  glucose  (N£  :  02  :  CO2) ;  at  arrow  2A, 
INA;  at  arrow  2B,  acetylcholine;  at  arrow  3B,  INA. 
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Figure  35  shows  the  effect  of  adrenaline  (2  |j.g/ml)  on  the  APD 
before  and  after  exposure  of  the  muscle  to  3  |j.g/ml  propranolol. 

Propranolol  alone  had  little  or  no  effect  on  the  APD,  but  it  completely 
antagonized  the  effect  of  adrenaline.  Similar  results  were  obtained 
in  6  experiments.  In  another  6  experiments  the  effects  of  adrenaline 
in  the  presence  of  either  1  or  5  pg/ml  priscoline,  an  alpha-adrenergic 
blocking  agent,  on  the  APD  were  investigated.  Priscoline  in  both  con¬ 
centrations  employed  was  found  to  be  ineffective  in  antagonizing  the 
effect  of  adrenaline  on  APD. 

7.  Metabolic  inhibitors  and  substrate  depletion 

If  catecholamines  increase  the  APD  by  increasing  glycolysis  as 
a  result  of  increased  glycogenolys is ,  then  iodoacetate  which  blocks 
glycolysis,  should  be  able  to  block  their  effect  on  APD.  To  investigate 
this  possibility  the  effects  of  0.5  pg/ml  INA  in  the  presence  of  10“ ^  Qr 
0.5  x  10“3  M  iodoacetate  were  studied  in  4  experiments.  Iodoacetate  in 
both  concentrations  completely  antagonized  the  effect  of  INA  on  the  APD 
but  was  only  able  to  partially  antagonize  the  effect  on  mechanical 
activity  (Fig.  36) . 

Anaerobic  and  aerobic  glycolysis  and  glucose  respiration  are 
inhibited  by  2-deoxyglucose .  Most  of  the  emphasis  recently  has  been 
placed  on  the  inhibition  of  phosphoglucoisomerase  by  2-deoxyglucose-6- 
phosphate  (Wick  et  al.,  1957;  and  Ferrari  et  al.,  1959).  It  was  therefore 
decided  to  determine  the  effect  of  INA  on  the  reduced  APD  and  force  of 
contraction  in  the  presence  of  2-deoxyglucose  (2-DG) .  Six  experiments 
were  carried  out  in  which  the  effect  of  0.5  pg/ml  INA  in  presence  of 
10,  20  and  30  mM  2-DG  was  determined.  It  was  found  that  2-DG  antagonized 
the  effect  of  INA  to  varying  degrees.  The  antagonism  by  2-DG  was  more 
marked  on  the  effect  of  INA  on  the  APD  than  on  its  effect  on  force  of 
contraction.  Fig.  37  shows  the  complete  blockade  of  the  effect  of  INA 
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Fig.  35.  Effect  of  2  ugm/ml  adrenaline  on  the  reduced  APD 
before  and  after  exposure  of  the  muscle  to  3  ^gn/ 
ml  propranolol.  At  arrow  1,  Krebs  containing  5 
mil  glucose  (a'2  :  O2  ;  CO2)  ;  at  a r r ow  211,  prop¬ 
ranolol.  At  arrow  1,  Krebs  containing  5  rli  glucose 
(NT2  :  O2  :  CO2)  ;  at  arrow  211,  propranolol;  and 
at  arrow  3,  adrenaline.  Note  complete  blockade  of 
the  effect  of  adrenaline  on  the  reduced  APD. 
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Fig.  36. 


Effect  of  0.3  j-gm/ml  IXA  on  the  force  of 
contraction  and  reduced  APD  of  papillary 
muscle  before  and  after  exposure  of  the 
muscle  to  0.3  mM  IAA.  At  arrow  1,  Krebs 
solution  containing  3  mM  glucose  (Xp  :  Op  : 
CO2) ;  at  arrow  211 3  IAA;  at  arrow  3,  IXA. 
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Fig.  37.  Effect  of  0.5  pgm/ml  INA  on  the  force  of 
contraction  and  reduced  APD  of  papillary 
muscle  before  and  after  20  iriM  2-deoxyglucose . 
At  arrowsl,  Krebs  containing  5  mM  glucose 
(N£  :  O2  :  CO2) •  At  arrow  2B,  2-deoxyglucose 
(20  mM) ;  at  arrow  3,  INA  (0.5  pg/ml) . 
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on  the  APD  by  2-DG  but  only  partial  blockade  of  its  effect  on  the 
mechanical  activity. 

If  catecholamines  increase  the  APD  by  increasing  glycogenolys is 
then  they  should  have  no  effect  on  APD  when  the  glycogen  store  is  depleted. 
Five  experiments  were  carried  out  in  which  the  papillary  muscle  was  exposed 
to  glucose  free  Krebs  solution  equilibrated  with  957>  N^*.  5%  CO^.  When  the 
APD  was  markedly  reduced  and  the  mechanical  activity  virtually  absent  it 
was  presumed  that  the  glycogen  store  would  be  depleted  or  markedly  reduced. 
The  effect  of  0.5  pg/ml  of  adrenaline  on  the  electrical  and  mechanical 
activity  was  then  determined.  It  was  observed  that  whereas  adrenaline  had 
no  effect  on  the  APD  it  still  increased  the  mechanical  activity. 

It  has  been  reported  (Williamson,  1964b)  that  adrenaline 
increases  the  transport  of  glucose  in  rat  heart  whereas  others  (Kipnis  and 
Cori,  1959)  have  reported  that  glucose  transport  is  inhibited  by  adrenaline. 
It  was  of  interest  therefore  to  determine  whether  the  effect  of  adrenaline 
on  the  reduced  APD  was  due  to  an  increased  transport  of  glucose  or  to  an 
increased  rate  of  glycogenolysis . 

Five  experiments  were  carried  out  in  which  the  effect  of  either 
0.5  (jg/ml  adrenaline  or  0.2  |jg/ml  INA  on  the  reduced  APD  and  force  of 
contraction  of  papillary  muscle  was  studied  in  the  presence  of  1  mM 
phlorizin.  This  concentration  of  phlorizin  has  been  shown  previously  to 
abolish  the  effect  of  10  mM  glucose  on  the  APD.  Control  experiments 
with  adrenaline  or  INA  in  each  series  were  also  conducted.  It  was 
observed  that  both  adrenaline  and  INA  were  effective  in  increasing  the 
reduced  APD  and  force  of  contraction  of  papillary  muscle  in  the  presence 
of  phlorizin.  Figure  38  shows  an  experiment  with  INA.  These  results 
clearly  show  that  the  effect  of  catecholamines  on  the  APD  is  not  due  to 
an  increased  transport  of  glucose  and  may  be  more  confidently  considered 
to  be  due  to  increased  glycogenolysis. 
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The  influence  of  phlorizin  on  the  effects  of 
INA  and  elucose  on  the  force  of  contraction 
and  reduced  APD  of  papillary  muscle.  At 
arrow  1,  Krebs  solution  containing  5  m>I 
glucose  (1^2  :  ^2  :  ^0o)  >  £nd  in  ^  1  eM 
phlorizin;  arrow  2,  lu  mM  glucose; 
arrow  3,  0.2  ggm/ml  IXA.  Note  absence 
of  effect  of  glucose  on  the  reduced  APD 
in  phlorizin  treated  muscle  whereas 
INA  was  effective  in  both  muscles. 
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B.  Aminophylline 

In  addition  to  catecholamines,  theophylline  also  has  been  found 
to  elevate  the  phosphorylase  a  activity  in  rat,  rabbit  and  frog  heart 
(Hess  and  Haugaard ,  1958;  Mayer  and  Moran,  1960;  Kukovetz  and  PBch,  1962; 
and  Dhalla  and  McLain,  1966) .  This  action  of  theophylline  is  considered  to 
be  mediated  through  the  accumulation  of  cyclic  AMP  due  to  inhibition  of 
phosphodiesterase  which  is  normally  responsible  for  its  breakdown 
(Butcher  and  Sutherland,  1962).  Also,  Vincent  and  Ellis  (1963)  observed 
that  theophylline  increased  glycogeno lysis  in  the  isolated  perfused 
guinea  pig  heart.  If  theophylline  behaves  qualitatively  similarly  to 
adrenaline  with  respect  to  the  increase  in  phosphorylase  a,  glycogenolys is 
and  contractile  activity,  then  it  should  be  able  to  restore  the  reduced 
APD  towards  the  control  value  in  a  manner  similar  to  adrenaline.  Five 
experiments  were  therefore  carried  out  in  which  the  effect  of  the  soluble 
salt  of  theophylline,  aminophylline  (100  to  500  yWg/ml) ,  on  the  reduced 
APD  and  mechanical  activity  of  papillary  muscle  incubated  in  Krebs 
solution  containing  5  mM  glucose  equilibrated  with  60%  N2:357>  02:57,  CO^ 
was  determined.  It  was  observed  that  aminophylline  was  able  to  increase 
the  APD  and  the  contractile  activity  at  all  concentrations  used  and  that 
these  effects  were  concentration  dependent  (Fig.  39).  The  effects  began 
immediately  and  increased  progressively  for  10  to  15  minutes  after  which 
they  lasted  for  20  to  30  minutes. 

In  contrast  to  their  effect  on  sympathomimetic  amines,  beta- 
adrenergic  blocking  agents  have  not  been  found  to  block  the  effects  of 
aminophylline  on  contractile  activity  or  phosphorylase  activation  in  frog 
heart  (Dhalla  and  McLain,  1966).  It  was  therefore  not  surprising  to  find 
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Fig.  39.  Effect  of  100  jigm/ml  aminophy lline  on  the  re¬ 
duced  APD  and  force  of  contraction  of  pap¬ 
illary  muscle.  At  arrow  1,  Krebs  solution 
containing  5  eM  glucose  (N2  '  O2  :  CO2) >  at 
arrow  2,  aninophy lline. 
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in  three  experiments  that  propranolol  (  3  p.g/ml)  in  no  way  altered  the 
response  to  aminophylline  although  it  completely  blocked  the  effects 
of  adrenaline. 

VI.  THE  EFFECT  OF  AGENTS  WHICH  INHIBIT  ADENOSINE  TRIPHOSPHATASE  ON  THE 
ELECTRICAL  AND  MECHANICAL  ACTIVITY  OF  GUINEA  PIG  PAPILLARY 

MUSCLE 


The  active  transport  of  sodium  and  potassium  requires  energy 
and  it  has  been  shown  in  the  squid  nerve  (Caldwell,  1956;  and  Caldwell 
and  Keynes,  1957)  and  in  red  blood  cell  membranes  (Dunham,  1957;  Whittam, 
1958  and  Hoffman,  1960)  that  energy  for  the  active  transport  of  Na+  comes 
from  ATP.  It  has  also  been  shown  that  inosine  triphosphate,  guanosine 
triphosphate  or  uridine  triphosphate  cannot  replace  ATP.  When  ATP  is  not 
being  produced  metabolically ,  active  transport  can  still  be  supported  by 
exogenous  ATP  (Caldwell  et  al.,  1960).  An  adenosine  triphosphatase 
(ATP-ase)  which  hydrolyses  the  breakdown  of  ATP  to  ADP  and  orthophosphate 
(Pi)  is  present  in  the  membrane  and  it  has  been  shown  to  be  stimulated  by 
Na+  and  K+  in  the  presence  of  magnesium  (Skou,  1957) .  Furthermore,  it 
has  been  shown  by  Post  et  al .  (1960)  and  Dunham  and  Glynn  (1961)  that 
Na+  +  K+  activated  ATP-ase  from  broken  human  erythrocyte  membrane  is  a 
part  of  a  cation  pump  which  can  be  inhibited  by  cardiac  glycosides. 
Similar  results  have  been  obtained  with  membrane  ATP-ase  from  cardiac 
muscle.  Guinea  pig  cardiac  membrane  preparations  acquire  considerable 
ATP-ase  activity  in  the  presence  of  Mg^  which  is  further  increased 
100-200%  after  the  addition  of  sodium  and  potassium  ions  (Repke,  1963). 
The  cardiac  glycoside, K-strophanthoside  at  concentrations  between  10  10  M 
and  10'7  M  has  been  shown  by  Repke  (1963)  to  stimulate  ATP-ase  activity 
in  guinea  pig  heart  but  at  concentrations  higher  than  10  7  M  to  inhibit 


ATP-ase  activity. 
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A.  Ouabain 

The  observations  so  far  made  in  the  present  investigation  have 
demonstrated  that  the  maintenance  of  a  normal  APD  is  linked  with  an 
energy  source.  Since  there  exists  a  relationship  between  ATP  metabolism 
and  ion  transport  (Skou,  1965  a  &  b)  it  seemed  possible  that  repolarization 
in  cardiac  muscle  might  be  related  to  utilization  of  ATP  for  the  active 
transport  of  sodium  and  potassium.  With  this  in  mind  a  series  of 
experiments  were  carried  out  in  which  the  effect  of  the  cardiac  glycoside 
ouabain  on  the  APD  was  determined. 

—  7  8 

Figure  40  shows  the  effect  of  10  M  and  10  M  ouabain  on  the 
reduced  APD  of  muscles  incubated  in  low  glucose  Krebs  equilibrated  with 

carbogen.  In  this  series,  six  experiments  were  carried  out  at  each  of 

-9  -8  -7  -6  -9 

10  ,10  ,  10  and  10  M  ouabain.  At  10  M  ouabain  no  effects  could 

be  seen  on  either  the  APD  or  force  of  contraction  over  a  one  hour 

*8 

observation  period.  At  10  M  ouabain  there  was  no  significant  effect 
on  force  of  contraction  although  there  was  a  small  but  definite  increase 
in  APD  produced  at  this  concentration  of  ouabain  (Fig.  40).  At  10  ^  M 
ouabain  there  was  a  marked  decrease  in  APD  (Fig.  40)  and  an  increase  in 
force  of  contraction.  Fig.  41  shows  the  effect  of  a  higher  concentration 
of  ouabain  on  the  reduced  APD  and  force  of  contraction  of  a  papillary 
muscle.  It  will  be  noted  that  subsequent  to  a  further  reduction  in  APD 
there  was  a  decrease  in  resting  potential  and  overshoot. 

Similar  results  were  obtained  when  the  experiments  were  carried 
out  in  the  absence  of  glucose  or  when  the  medium  was  equilibrated  with 
957o  N2:  5%  CC^.  As  has  been  reported  in  previous  sections  of  RESULTS  the 
complete  absence  of  glucose  and  oxygen  produces  a  maximum  rate  of 
reduction  of  the  APD  under  all  circumstances  and  a  similar  result  was 
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Fig.  40.  Effect  of  ouabain  on  the  reduced  APD  of  pap¬ 
illary  muscle  incubated  in  Krebs  solution 
containing  5  mil  glucose  (carbogen) .  0  tine 

refers  to  addition  of  ouabain  which  was  done 
after  the  APD  had  been  reduced  to  between 
35%  and  45%.  Percent  change  was  calculated 
from  the  APD  at  0  tine.  Note  that  both  10~° 
and  10" Sm  ouabain  maintained  the  APD  above 
the  control  level  and  10“  ^  increased  the  APD 
during  the  observation  period.  Both  10“ 7  and 
10" 6>l  produced  a  further  reduction  in  APD. 
Curve  «■  10“  ^>1  (N’g  refers  to  effect  of 

10“8m  ouabain  when  gassing  mixture  was  95% 

Ng  :  5%  C02- 


20  min 


5  min 


15  min 


20  min 


Fig.  41.  Effect  of  10"°M  ouabain  on  the  reduced  APD 
force  of  contraction  of  papillary  muscle, 
arrow  1,  Krebs  containing  5  mil  glucose  (ca 
at  arrow  2,  ouabain.  Note  marked  increase 
tractile  force  associated  with  decrease  in 
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obtained  with  concentrations  of  ouabain  of  10”  ^  M  or  greater  (Fig.  42). 
Neither  of  these  conditions,  however,  altered  the  increase  in  APD  caused 

by  10~8  M  ouabain  (Fig.  40,  curve  10"8  M  (N  : CO  )). 

2  2 

It  appeared  from  the  foregoing  series  of  experiments  that  it  was 
reasonable  to  explain  the  effects  of  different  concentrations  of  ouabain 
on  the  reduced  APD  on  the  basis  of  its  reported  stimulation  or  inhibition 
of  membrane  ATP-ase  activity.  From  the  point  of  view  that  maintenance  of 
a  normal  APD  is  dependent  upon  the  utilization  of  ATP  by  some  membrane 
component,  then  either  lack  of  ATP  (low  glucose  or  minimal  glycogenolysis) 
or  inhibition  of  the  enzyme  necessary  for  its  utilization  (ouabain)  could 
cause  a  reduction  in  the  APD.  By  the  same  line  of  reasoning  it  seemed 
that  exposure  of  a  muscle  to  either  high  (10~8  M)  or  low  (10“8  M)  con¬ 
centrations  of  ouabain  should  either  reduce  or  increase  the  effect  of  a 
series  of  compounds  which  have  been  shown  earlier  to  increase  the  reduced 
APD. 

1.  Interaction  of  ouabain  with  glucose,  isopropylnoradrenaline  and 
aminophy 1 1 ine 

Nine  experiments  were  carried  out  in  which  the  effect  of  25  mM 
glucose  on  the  reduced  APD  was  determined  before  and  after  exposure  of  the 
muscle  to  10"6  M  ouabain  for  20  minutes.  It  can  be  seen  in  Fig.  43  that 
the  effect  of  glucose  on  the  reduced  APD  was  reduced  by  ouabain  but  that 
a  marked  effect  on  force  of  contraction  occurred. 

Similar  results  were  obtained  in  six  experiments  when  the 
effects  of  INA  or  aminophylline  (Fig.  44)  on  the  reduced  APD  were 
determined  before  and  after  ouabain.  In  this  instance,  however,  there 
was  little  or  no  change  in  the  contractile  response  to  either  INA  or 
aminophylline  after  exposure  of  the  muscle  to  ouabain. 
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Fig.  42.  Comparison  of  the  effect  of  5  x  10  M  ouabain 

on  the  APD  and  force  of  contraction  of  papillary 
muscle  incubated  in  either  low  glucose  Krebs  (B) 
solution  or  glucose  free  Krebs  solution  (D)  both 
equilibrated  with  carbogen.  Records  A  and  C  show 
results  of  control  incubations.  At  arrow  1  low 
glucose  Krebs  and  in  B,  5  x  lCT^M  ouabain.  At 
arrow  2  glucose  free  Krebs  and  in  D,  5  x  10“^M 
ouabain.  Note  the  more  rapid  decrease  in  APD 
induced  by  ouabain  in  glucose  free  Krebs. 
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In  an  additional  six  experiments  in  which  the  effect  of  10”^  m 

ouabain  on  the  action  of  INA  was  determined  it  was  found  (Fig.  45)  that 

this  concentration  of  ouabain  potentiated  the  effect  of  INA  on  the 

reduced  APD.  These  findings  are  consistent  with  the  hypothesis  that 

agents  such  as  glucose,  INA  or  aminophylline  increased  the  APD  by  increasing 

the  availability  of  ATP  whereas  10  ^  M  ouabain  produces  the  same  effect 

by  increasing  its  utilization.  A  reduction  in  glucose  concentration  or 

is  reduced 

metabolic  poisoning  decreases  ATP  supply  and  therefore  the  APD/whereas 
ouabain  in  concentrations  of  10  ^  M  or  greater  reduces  its  utilization 
and  thereby  causes  a  reduction  in  APD. 

B .  Calcium 

It  has  also  been  reported  by  Skou  (1957)  that  the  Na+  +  K+ 
activated  ATP-ase  of  peripheral  nerve  is  strongly  inhibited  by  low  con¬ 
centrations  of  calcium.  The  membrane  ATP-ase  of  guinea  pig  heart  is 
stimulated  at  low  concentrations  of  calcium  but  inhibited  at  higher 
concentrations  (Repke,  1963) .  If  in  fact  calcium  does  inhibit  ATP-ase 
in  our  preparation  then  it  should  behave  similarly  to  ouabain  in  its 
effect  on  the  reduced  APD. 

To  test  this  hypothesis  three  experiments  were  carried  out 
in  which  the  effects  of  4  and  7  mM  calcium  chloride  were  investigated 
on  the  reduced  APD  and  mechanical  activity  of  guinea  pig  papillary 
muscle.  It  was  observed  that  calcium  decreased  the  APD  and  slightly 
increased  the  contractile  activity  (Fig.  46) . 

1.  Interaction  of  calcium  chloride  with  glucose  and  adrenaline 

Four  experiments  were  carried  out  in  which  the  effects  of 

25  mM  glucose  on  the  reduced  APD  in  the  presence  of  7  mM  calcium 

chloride  were  investigated.  It  was  observed  that  whereas  calcium 

chloride  consistently  reduced  the  effect  of  glucose  on  the  APD,  it 

markedly  increased  the  force  of  contraction  following  the  addition 
of  glucose  (Fig.  47) . 
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Fig.  45.  Action  of  ouabain  on  the  effect  of  0.5  |j.gm/ml 
INA  on  the  reduced  APD  of  papillary  muscle. 

The  control  bar  (100%)  represents  the  APD  prior 
to  addition  of  ouabain  or  INA  after  incubation 
of  the  muscle  in  low  glucose  Krebs  solution 
(carbogen) .  Note  potentiation  of  the  effect  of 
INA  by  10“9m  ouabain  which  by  itself  did  not 
increase  the  reduced  APD  (Fig.  40) .  10~^M  ouabain 

further  reduced  the  APD  and  prevented  the  effect 

of  INA. 
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APD  and  force  of  contraction  of  papillary 
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(N2  :  02  :  COp) ;  at  arrow  2.  4  iriM  CaCl2 
(I),  7  nM  CaCl2  (II) . 
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47.  Interaction  of  CaCl2  and  glucose  on  the  APD 
and  force  of  contraction  of  papillary  nus- 
cle.  At  arrow  1,  lew  glucose  Krebs  (N2  :  Og 
:  CO2) ;  at  arrow  2,  25  mM  glucose  (I)  and  7 
eM  CaC‘i2  (II)  ;  at  arrow  3,  7  cM  CaCl2  (I) 
and  25  r.M  glucose  (II)  .  Note  the  antagonism 
of  CaClp  and  glucose  on  the  APD  but  apparent 
synergism  on  the  force  of  contraction. 
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In  six  experiments  the  effects  of  adrenaline  (1  ^ig/ml)  in  the 
presence  of  calcium  chloride  (4  mM)  were  investigated.  It  was  observed 
that  while  calcium  chloride  consistently  reduced  the  effect  of  adrenaline 
on  APD  it  increased  the  effect  of  adrenaline  on  the  mechanical  activity 
(Fig.  48). 

The  results  in  this  section  with  ouabain  and  calcium  chloride 
suggest  that  it  is  not  only  the  supply  of  energy  but  its  breakdown  by 
membrane  ATP-ase  for  the  active  transport  of  cation  that  is  important  in 
the  repolarization  of  cardiac  muscle. 
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DISCUSSION 

It  is  evident  from  the  foregoing  that  the  cell  membrane  is 
primarily  a  system  by  which  the  cell  maintains  the  consistency  of  the 
intracellular  electrolyte  concentration  and  regulates  the  metabolism 
of  the  cell.  Also,  any  consideration  of  the  effects  of  substrate 
depletion,  metabolic  inhibition  or  oxygen  lack  on  the  activity  of 
cardiac  muscle  must  be  conducted  within  a  clearly  defined  framework. 

It  is  also  evident  that  the  changes  in  the  transmembrane  electrical 
activity  may  or  may  not  be  paralleled  by  changes  in  the  force  of 
contraction;  changes  in  the  force  of  contraction  may  or  may  not  be 
paralleled  by  changes  in  the  electrical  activity.  It  is  therefore 
necessary  to  measure  both  parameters  to  attain  a  better  insight  into 
the  effect  of  metabolic  alteration.  That  the  effect  of  anoxia  on 
the  electrical  activity  is  found  to  vary  faithfully  with  the  external 
glucose  concentration  is  evident  as  is  the  fact  that  anoxia- induced  changes 
in  the  force  of  contraction  are  not  appreciably  altered  by  the 
glucose  concentration.  For  this  reason,  in  discussing  the  changes 
in  the  transmembrane  electrical  activity,  it  is  the  glucose  con¬ 
centration  of  the  medium  and  not  the  oxygen  content  of  the  gassing 
mixture  which  must  be  kept  in  mind.  There  is  no  doubt  that  quantitative 
changes  occur  when  the  oxygen  content  of  the  bath  medium  is  altered 
but  the  effect  is  one  of  the  degree.  Since  the  majority  of  the  studies 
on  the  effects  of  oxygen  lack  or  substrate  depletion  have  been  conducted 
with  5  mM  glucose  as  the  reference  or  control  concentration  a 
decrease  in  the  APD  has  always  been  associated  with  a  decrease  in 
force  of  contraction  in  rat  atrium  (Webb  and  Hollander,  1956);  in 
rabbit  atrium  (Yang,  1963);  in  perfused  rabbit  heart  (Kardesch 
et  al.,  1958;  and  Wallon  et  al.,  1960);  in  cat  papillary 
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muscle  (Trautwein  et  al.,  1954  and  Trautwein  and  Dudel,  1956);  and 
in  perfused  dog  heart  (Kardesch  et  al.,  1958). 

That  anoxia  induced  changes  in  electrical  and  mechanical 
activity  were  not  necessarily  associated  was  shown  in  guinea  pig 
ventricular  muscle  (Coraboeuf  et  al.,  1958)  and  in  cat  papillary 
muscle  (MacLeod  and  Daniel,  1965).  The  former  authors  showed  that 
during  rest* changes  in  the  electrical  activity  due  to  anoxia 
occurred  slowly  but  during  activity  there  was  a  rapid  reduction  in 
the  action  potential  duration.  When  oxygen  was  introduced  into  the 
bathing  fluid,  the  electrical  activity  returned  to  control  level  but 
there  was  no  recovery  of  the  mechanical  activity.  The  latter 
authors  showed  that  50  mM  glucose  in  the  bath  medium  could  prevent 
or  reverse  the  anoxia  induced  changes  in  transmembrane  electrical 
activity  but  not  in  force  of  contraction  of  cat  papillary  muscle. 

On  the  basis  of  the  many  proposals  that  a  decrease  in  APD  during 
anoxia  is  a  consequence  of  increased  potassium  efflux  during  activity 
(Webb  and  Hollander,  1956;  and  Trautwein  and  Dudel,  1956),  MacLeod 
and  Daniel  (1965)  proposed  that  the  transport  of  potassium  and  glucose 
were  somehow  interdependent  and  that  the  intracellular  accumulation 
of  free  glucose  interfered  with  the  potassium  efflux. 

The  present  work  has  confirmed  some  of  the  findings  of 
MacLeod  and  Daniel  (1965)  and  disproved  others.  The  observation 
that  50  mM  glucose  in  the  incubation  medium  could  prevent  anoxia 
induced  changes  in  APD  was  confirmed  for  periods  up  to  ten  hours. 

The  force  of  contraction  diminished  progressively  to  10-157,  of 
the  control  and  remained  at  this  value  for  the  duration  of  the 
experiment.  The  importance  of  the  glucose  concentration  ^n  the 
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bath  medium  in  the  maintenance  of  a  "normal"  APD  was  further  demonstrat¬ 
ed  in  those  series  of  experiments  in  which  the  muscles  were  exposed 
to  low  glucose  Krebs  equilibrated  with  gassing  mixtures  containing 
different  levels  of  oxygen.  Changes  in  electrical  and  mechanical 
activity  induced  by  different  gas  mixtures  were  qualitatively  similar 
in  bath  solutions  containing  either  5  mM  glucose  or  0  mM  glucose  but 
the  rate  of  change  in  glucose  free  Krebs  was  more  rapid.  Similar 
observations  were  made  on  the  APD  during  anoxia  in  5  mM  glucose  by 
Webb  and  Hollander , (1956) ;and  Trautwein  and  Dudel  (1956).  Observations 
similar  to  this  were  also  made  in  5  mM  glucose  equilibrated  with  407o 
02:607.  by  Trautwein  and  Dudel s (1956) in  rat  atrium.  It  was  surpris¬ 
ing  however  that  there  was  a  reduction  in  the  APD  when  the  muscles 
were  incubated  in  Krebs  solution  containing  either  0  mM  glucose  or 
5  mM  glucose  equilibrated  with  957,  62*  57,  (X^.  Although  these  effects 
were  not  so  well  marked  as  when  t  he  muscle  was  incubated  in  957, 

57,  CO  or  607,  Nn:357>  0  *57,  CO  ,  they  did  occur.  For  the  effect  to 
occur  it  took  considerably  longer  at  the  beginning  of  the  experiment 
but  the  muscle  became  progressively  more  sensitive  with  the 
passage  of  time.  No  reports  under  similar  conditions  are  available 
on  cardiac  electrical  activity.  However 3  effects  under  similar 
conditions  are  available  for  cardiac  mechanical  activity  in  a  medium 
containing  5  mM  glucose  (Greiner,  1952;  and  Zacharias  1961)  and 
0  rriM  glucose  (Alvaro  et  al.3  1965;  and  Tsuboi  and  Buckley,  1965). 
Trautwein  and  Duflel  (1956)  used  a  gas  mixture  containing  607,  0^ 
and  observed  no  changes  in  measured  APD  and  mechanical  activity  in 
cat  papillary  muscle  for  periods  of  45  minutes.  The  finding  of 
increased  sensitivity  of  the  muscle  to  repeated  exposures  to 
different  gas  mixtures  and  low  glucose  was  in  agreement  with  the 
findings  of  Trautwein  and  Dudel  (1956) ,  and  MacLeod  and  Daniel  (1965) 
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who  observed  similar  phenomena  under  anoxic  conditions  only. 

The  results  of  the  present  studies  confirmed  that  a  high 
concentration  of  glucose  (50  mM)  could  completely  prevent  or  reverse 
the  effect  of  different  gas  mixtures  on  the  duration  of  the  action 
potential  in  guinea  pig  papillary  muscle  but  was  ineffective  in 
reversing  the  effect  on  mechanical  activity  to  control  level. 

Thus  it  is  the  glucose  level  rather  than  the  oxygen  level  in  the 
medium  which  is  important  in  maintaining  the  APD  at  control  levels. 
The  effect  of  high  glucose  in  maintaining  the  APD  of  guinea  pig 
papillary  muscle  at  control  level  might  be  considered  to  be  due 
to  an  osmotic  effect,  an  increased  transport  of  glucose,  an  in¬ 
creased  accumulation  of  intracellular  free  glucose  or  increased 
energy  production  as  a  result  of  increased  metabolism  of  glucose. 
That  the  osmotic  effect  of  glucose  is  not  responsible  for  the 
maintenance  of  the  APD  at  control  level,  was  ruled  out  because 
sucrose  and  mannitol  which  are  nonpenetrating  nonelectrolytes, 
could  not  duplicate  the  effect  of  glucose  under  similar  conditions. 
The  present  studies  with  different  concentrations  of  glucose 
demonstrated  that  the  APD  is  glucose  concentration  dependent. 
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Similar  studies  on  the  effect  of  glucose  on  the  reduced  APD 
are  not  available  in  the  literature.  However,  glucose  uptake  in  the 
perfused  rat  heart  has  been  reported  to  be  a  function  of  extracellular 
glucose  concentration  being  rapid  at  lower  concentrations  and  reach¬ 
ing  a  plateau  at  higher  concentrations  (Park  et  al.,1959  and  1961; 
Morgan  et  al .  , 1961a  and  1965).  This  concentration  dependent  increase 
in  glucose  uptake  by  rat  heart  has  been  reported  to  occur  both  under 
aerobic  and  anaerobic  conditions,  being  more  marked  under  aerobic 
than  in  anaerobic  conditions  (Morgan  et  al.  1961a  and  1965).  Accumula¬ 
tion  of  intracellular  free  glucose  in  perfused  rat  heart  has  been 
demonstrated  to  be  a  function  of  extracellular  glucose  concentration 
under  anaerobic  conditions  (Morgan  et  al.s  1961a  and  1965)  and  under 
aerobic  conditions  (Park  et  al.,  1959).  Thus  it  appears  that  increased 
glucose  transport  and  hence,  accumulation  of  intracellular  free 
glucose  might  be  responsible  for  the  effect  of  glucose  on  APD.  How¬ 
ever,  it  must  not  be  forgotten  that  the  increase  in  transport  of 
glucose  may  also  lead  to  increased  energy  production  due  to  its 
metabolism.  It  is  worthwhile  mentioning  here  that  an  increase  in 
phosphorylation  as  a  result  of  increased  glucose  concentration  in 
the  extracellular  fluid  has  been  reported  by  Morgan  et  al.,  1961a; 
and  Morgan  et  al.,  1961c.  Increased  lactic  acid  production  as  a 
result  of  an  increased  concentration  of  glucose  in  the  perfusing 
medium  has  been  also  demonstrated  in  rat  heart  (Morgan  et  al.,  1965). 

In  rat  diaphragm,  CO^  production  was  stimulated  by  increasing  the 
glucose  concentration  in  the  medium  (Kuzuya  et  al.,  1965). 
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Phlorizin  which  is  a  specific  inhibitor  of 
glucose  transport  in  various  tissues  including  heart  (Park 
et  al.,  1959;  Lotspeich,  1960-1961;  Lotspeich  and  Wheeler, 
1962;  Newy  et  al„,  1963,  Bihler  et  al. ,  1965  and  Diedrich, 
1966)  not  only  increased  the  rate  of  reduction  in  the  APD 
of  papillary  muscle  in  Krebs  solution  containing  5  nM 
glucose  equilibrated  with  any  of  the  three  gas  mixtures, 
but  it  also  consistently  reduced  the  effect  of  an  elevated 
glucose  concentration  on  APD.  The  effect  of  phlorizin 
was  probably  not  due  to  its  effect  on  metabolism  because 
the  concentrations  of  phlorizin  used  (0.25-4  mM)  have 
been  shown  not  to  affect  other  cardiac  functions  or 
metabolism  (Jervis  et  al.,  1956;  Newy  et  al.,  1959;  and 
Bihler  et  al.,  1965).  Jervis  et  al . ,  (1956)  conclusively 
demonstrated  that  phlorizin  reduced  intestinal  absorption 
of  glucose  at  very  low  concentrations  (10  M)  and  at 
higher  concentrations  (10~4-  to  10‘3  M) ,  glucose  transport  is 
almost  completely  inhibited.  The  present  work  with 
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phlorizin  and  APD  also  gave  presumptive  evidence  of  competitive 
antagonism  between  glucose  and  phlorizin  for  their  effect  on  APD. 

That  phlorizin  is  a  competitive  inhibitor  of  the  transport  of  glucose 
has  also  been  reported  in  erythrocytes  (Leferve  and  Davies,  1951)  and 
in  the  intestine  (Diedrich,  1966) .  The  effect  of  phlorizin  on  the 
APD  of  papillary  muscle  was  found  to  be  reversible.  Reversibility 
of  the  effect  of  phlorizin  on  glucose  transport  has  been  found  in 
kidney  by  Lotspeich  (1960-1961)  who  demonstrated  that  the  combination 
between  phlorizin  and  the  sensitive  carrier  sites,  besides  showing 
a  high  affinity,  is  also  reversible  and  easily  dissociable.  These 
experiments  with  phlorizin  indicate  the  importance  of  glucose 
transport  in  its  effect  on  the  APD. 

It  was  surprising  that  insulin  which  has  been  shown  to 
facilitate  the  transport  of  glucose  into  the  perfused  rat  heart 
(Fisher  and  Lindsay,  1956;  Morgan  et  al.,  1.956a;  Park  et  al.,  1959 
and  1965;  Battaglia  and  Randle,  1960;  Post  et  al.,  1961  and  Henderson, 

1964)  in  chicken  embryo  (Foa  et.  al.,  1965;  and  Guidotti  et  al.,  1966) 
and  in  rat  diaphragm  (Randle  and  Smith,  1.958a  and  1.958b;  and  Battaglia 
and  Randle,  1960)  could  neither  increase  the  reduced  APD  in  5  mM 
glucose  equilibrated  with  any  of  the  three  gas  mixtures  nor  increase 
the  effect  of  elevated  glucose.  However,  the  consistant  finding 
with  insulin  was  that  it  partially  antagonized  the  inhibitory  effect 
of  phlorizin  on  the  action  of  glucose.  The  lack  of  effect  of  insulin 
can  not  be  due  to  differences  in  the  concentration  of  insulin  because 
the  concentrations  used  were  similar  to  those  used  by  others  (Fisher 
and  Lindsay,  1956;  Park  et  al . ,  1959  and  1965;  Battaglia  and  Randle, 
1960;  Morgan  et  al.,  1961a,  Tricoche  and  Besseau,  1964;  Foa  et  al., 

1965) .  It  might  be  due  to  a  difference  in  animal  species  but  if  it 
is  the  case  then  the  effect  of  insulin  on  the  inhibition  by  phlorizin 
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of  the  glucose  effect  should  not  occur.  On  this  point  certain  in¬ 
formation  is  available. 

Malaisse  and  Franckson  (1965)  reported  that  insulin 
increases  the  speed  of  glucose  utilization  to  the  same  extent 
regardless  of  the  extracellular  glucose  concentration.  They  also 
reported  that  the  glucose  concentration  should  be  selected  accord¬ 
ing  to  the  metabolic  effect  studied;  for  glucose  uptake,  low 
concentration  (2.5  mM)  yields  a  high  utilization;  for  glucose 
incorporation  studies,  higher  concentration  (15  niM)  insures  marked 
incorporation  of  radioactive  material  into  the  tissue.  In  the 
present  work  it  was  observed  that  at  times  insulin  by  itself  had 
an  effect  on  the  reduced  APD  in  low  glucose  Krebs.  It  has  been 
reported  by  Chain  (1960)  that  insulin  appears  to  exert  a  specific 
stimulating  effect  on  the  energy  requiring  synthetic  reaction 
occurring  in  the  cells  on  which  it  acts,  such  as  glycogen,  fat 
and  protein  synthesis.  The  faster  rate  of  glucose  entry  caused 
by  insulin  has  been  reported  to  favor  glycogen  synthesis  as  compared 
to  glucose  which  enters  the  cell  as  a  result  of  a  higher  extra¬ 
cellular  concentration  (Larner  et  al.,  1959;  Villar-Palasi  and 
Larner,  1958  and  1961).  An  effect  of  insulin  on  glycogen  synthetase 
activity  has  been  shown  (Norman  et  al.,  1959;  Steiner  et  al.,  1961; 
Villar-Palasi  and  Larner,  1961).  A  large  yield  of  glycogen  (up  to 
92%)  associated  with  insulin  mediated  glucose  uptake  in  contrast 
with  negligible  yields  of  glycogen  from  glucose  uptake  resulting 
from  increased  glucose  concentration  outside  the  cell  in  the 
absence  of  insulin  has  been  reported  in  rat  diaphragm  (Larner  et  al., 
1959  and  Norman  et  al.,  1959).  In  diaphragm,  CO  production  was 
stimulated  by  increasing  the  glucose  concentration  but  not  by  insulin, 
whereas  insulin  showed  a  marked  stimulation  of  glycogen  synthesis. 
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In  some  tissues  such  as  heart  and  skeletal  muscle,  insulin  when 
added  in  vitro  promptly  stimulated  the  uptake  of  glucose  as  well  as 
the  incorporation  of  labelled  precursors  into  protein  and  lipids 
(Crofford  et  al .  ,  1964).  Recently  it  has  been  reported  that  insulin 
may  have  a  direct  affect  on  muscle  UDPG- glycogen  transglucosylase 
activity  (Newsholme  and  Randle,  1962)  on  the  rate  of  glucose-6- 
phosphate  disposal  (Chain,  1960) ;  and  on  phosphorylation  reactions 
(Dow,  1964) . 

On  the  basis  of  these  reports  it  is  evident  that  the  fate 
of  glucose  taken  up  in  the  presence  of  insulin  is  quite  different 
than  that  taken  up  as  a  result  of  an  increased  extracellular  con¬ 
centration.  Although  not  completely  satisfying  it  may  be  argued  that 
the  formation  of  glycogen  from  glucose,  transported  under  the  influence 
of  insulin  is  not  involved  with  membrane  electrical  activity.  Also 
the  effect  of  insulin  on  phlorizin  inhibition  is  one  of  allowing 
increased  glucose  uptake  from  an  increased  extracellular  concentration. 

The  present  results  clearly  showed  that  nonmetabolizable 
sugars  D-xylose,  2-deoxyglucose ,  L-arabinose,  3-0-methylglucose,  and 
D-galactose  which  are  thought  to  be  transported  by  the  glucose 
transport  system  in  the  rat  heart  (Fisher  and  Lindsay,  1956;  Park 
et  al.,  1959;  Morgan  et  al.,  1960  and  1964;  Fisher  and  Zachariah, 

1961)  and  in  the  rat  diaphragm  (Battaglia  and  Randle,  1960;  Kipnis 
and  Cori,  1959)  could  not  duplicate  the  effect  of  glucose  of  creating 
or  maintaining  a  normal  APD.  The  nonmetabolizable  sugars  which  are 
not  transported  by  the  glucose  transport  system  such  as  L-glucose 
(Morgan  et  al.,  1964),  a  -methyl-D-glucoside  (Battaglia  and  Randle, 
1960  )  also  were  not  effective  in  duplicating  the  effect  of  glucose. 
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MacLeod  and  Daniel  (1965),  however,  were  able  to  partially 
duplicate  the  effect  of  glucose  with  D-xylose  and  2-deoxyglucose . 

The  findings  in  the  present  work  do  not  support  the  assumption  that 
the  transport  of  glucose  or  accumulation  of  intracellular  free  glucose 
(MacLeod  and  Daniel,  1965)  was  responsible  for  its  effect  on  the  APD. 
On  the  contrary  they  indicated  the  importance  of  considering  some 
aspects  of  anaerobic  glucose  metabolism  as  an  explanation  for  its 
effect  on  the  APD.  The  finding  that  D-xylose  and  L-arabinose  under 
aerobic  conditions  were  able  to  partially  duplicate  the  effect  of 
glucose  cannot  be  explained  but  it  has  been  reported  that  the  pentoses 
and  galactose  are  oxidized  to  a  limited  degree  by  muscle  (Krahl, 

1961).  D-xylose,  2-deoxyglucose,  L-arabinose,  3-0-methyl-glucose, 
and  D-galactose  not  only  failed  to  duplicate  the  effect  of  glucose 
on  the  APD  but  they  also  increased  the  rate  of  reduction  of  the  APD 
when  the  muscles  were  incubated  in  low  glucose  medium.  a-methyl 
D-glucoside,  L-glucose  and  sucrose,  which  are  either  not  transported 
by  the  glucose  transport  system  or  not  transported  at  all,  did  not 
increase  the  rate  of  reduction  of  the  APD  of  papillary  muscle  in¬ 
cubated  in  Krebs  solution  containing  5  mM  glucose.  D-xylose,  2-deoxy¬ 
glucose,  L-arabinose,  3-0-methyl-glucose  and  D-galactose  although 
ineffective  in  duplicating  the  effect  of  glucose  did  reduce  the 
effect  of  glucose  on  the  APD.  a-methyl-D-glucoside,  L-glucose  and 
sucrose  were  ineffective  in  either  antagonizing  or  duplicating  the 
effect  of  glucose  on  the  APD.  These  findings  not  only  substantiated 
the  earlier  reports  that  there  is  a  competition  between  pairs  of 
sugars  thought  to  be  transported  by  glucose  transport  system 
(Fisher  and  Lindsay,  1956;  Park  et  al.,  1959;  Morgan  et  al.,  1960 
and  1964;  Fisher  and  Zachariah,  1961;  and  Battaglia  and  Randle,  1960) 
but  also  indicated  that  the  effect  of  glucose  on  the  APD  is  due  to  a 


metabolic  effect. 
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Since  the  results  of  the  studies  carried  out  with  nonmetaboli- 
zable  sugars  clearly  demonstrated  that  the  effect  of  glucose  upon  the 
APD  is  linked  with  energy  production,  it.  was  necessary  to  study  the 
effects  of  inhibitors  of  carbohydrate  metabolism  on  cardiac  muscle 
electrical  activity. 

Iodoacetate  (IAA)  which  inhibits  the  formation  of  pyruvate 
from  glycogen  or  glucose  by  inhibiting  tr iosephosphate  (Dixon,  1937; 
and  Green  et  al.,  1937)  reduced  the  action  potential  duration  of 
guinea  pig  papillary  muscle  incubated  in  Krebs  solution  containing 
5  iriM  glucose  equilibrated  either  with  carbogen  or  957.  N ^ :  57.  CO^"  These 
findings  in  guinea  pig  papillary  muscle  are  in  agreement  with  those 
in  frog  ventricle  (Boulpaep,  1959;and  Kleinfeld,  et  al.,  1955)  in 
rabbit  auricle  (Gardner  et  al.,  1954;  Yang,  1963)  in  strips  of 
turtle  ventricle  (Marshall,  1955);  in  rat  auricle  and  dog  and  cat 
ventricular  muscle . (Lullman,  1959).  The  IAA-induced  reduction  in  APD 
in  the  presence  of  carbogen  was  slow,  indicating  that  certain  aerobic 
pathways  for  oxidation  of  metabolites  such  as  lactate  and  pyruvate 
are  unaffected  by  IAA.  Similar  differences  in  the  action  of  IAA 

r 

were  observed  under  aerobic  and  anaerobic  conditions  by  Marshall 
(1955).  A  higher  concentration  (0.25  x  10  )  of  IAA  produced  ir- 

%-reversible  effects.  Similar  observations  were  made  in  isolated 
ventricular  muscle  of  turtle  heart  by  Marshall  (1955)  who  demonstrat¬ 
ed  that  the  effect  of  concentrations  of  IAA  greater  than  4  x  10  5 
were  irreversible.  Glucose  in  concentrations  of  15-30  iriM  was 
ineffective  in  reversing  the  effect  of  IAA  (10“5)  on  the  APD  whereas 
sodium  pyruvate  (5-10  mM)  in  the  presence  of  oxygen  was  partially 

-3 

effective.  When  IAA  was  used  in  a  higher  concentration  (0.28  x  10  ) 

neither  glucose  nor  pyruvate  was  effective  in  reversing  the  effect 

of  IAA  on  the  APD.  Similar  observations  were  made  with  pyruvate, 
lactate  and  butyrate  in  IAA  poisoned  auricle  by  Marshall  (1955). 
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The  irreversibility  of  its  effect  and  the  blockade  of  the 

m  O 

effect  of  pyruvate  when  a  high  concentration  of  IAA  (0.25  x  10  M) 
was  used  may  be  due  to  its  general  sulfhydryl  inhibitory  effect 
(Dixon,  1937;  and  Green  et  al.,  1937),  Iodoacetate  is  not  a  specific 
inhibitor  of  glycolysis  in  mammalian  cardiac  tissue  and  even  in  low 
concentrations  it  is  likely  that  other  enzyme  systems  are  involved 
(Webb  et  al,,  1949),  Not  only  is  the  synthesis  of  ATP  diminished 
but  it  is  likely  that  IAA  interferes  with  the  utilization  of  ATP 
(Webb,  1950). 

Sodium  cyanide  (NaCN)  which  is  known  to  block  oxidative 
metabolism  in  concentrations  of  0.5  to  4  mM  (L&ttgau,  1965)  was  found 
to  decrease  the  mechanical  activity  and  reduce  the  APD  of  guinea  pig 
papillary  muscle.  These  findings  are  in  agreement  with  those  of 
Gargouil  et  al.,  (1959)  and  Coraboeuf  et  al.,  (1959)  in  guinea  pig 
ventricle.  Sodium  pyruvate  was  ineffective  while  glucose  was  fully 
effective  in  reversing  the  effect  of  NaCN  on  APD.  Neither  sodium 
pyruvate  nor  glucose  was  effective  in  reversing  the  effect  of  IAA 
and  NaCN  when  both  were  used  together.  These  findings  suggest  that 
when  oxidative  phosphorylation  is  blocked  by  NaCN,  glycolytic  activity 
is  sufficient  to  maintain  the  APD  at  control  levels  in  the  presence 
of  glucose  but  when  both  the  oxidative  and  glycolytic  pathways  are 
blocked,  the  APD  rapidly  diminishes. 

2,4-dinitrophenol  (DNP)  which  uncouples  aerobic  oxidation 
from  the  production  of  ATP  (Loomis  and  Lipmann,  1948)  increased  the 
rate  of  reduction  of  the  APD  and  the  effect  was  concentration 
dependent.  Higher  concentrations  and  prolonged  exposure  not  only 
reduced  the  APD  but  also  decreased  the  height  of  the  action  potential. 
These  findings  in  guinea  pig  papillary  muscle  are  in  agreement  with 
those  in  rat  auricle  (Lullman,  1959),  turtle  ventricular  muscle 
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(Marshall,  1955);  frog  heart  (Kleinfeld  et  al.,  1961;  MacFarlane  and 
Meares,  1955;  MacFarlane,  1956);  in  auricle  (Lamb,  1959),  (Webb  and 
Hollander,  1956;  Beani  and  Soncin,  1963),  sinus  node  and  right  auricle 
(DeMello ,  W.C.,  1959),  in  rabbit  heart,  (Kleinfeld  et  al.,  1962). 

It  was  also  found  that  glucose  was  effective  in  reversing  the  effect 
of  DNP  on  APD. 

It  is  evident  from  these  experiments  that  any  interference 
in  the  anaerobic  metabolism  of  glucose  effects  the  transmembrane 
electrical  activity  of  the  guinea  pig  papillary  muscle.  In  contrast, 
glucose  can  maintain  normal  electrical  activity  when  inhibitors  of 
aerobic  metabolism  are  present. 

The  results  of  experiments  with  nonmetabolizable  sugars 
and  with  inhibitors  of  glucose  metabolism  clearly  demonstrated  that 
the  normal  action  potential  is  dependent  upon  an  energy  source, 
probably  glycolysis.  To  further  substantiate  this  finding,  sources 
of  energy  other  than  glucose  in  the  medium  were  investigated  for 
their  affects  on  the  APD. 

Catecholamines  are  known  to  induce  glycogenolys is  in 
several  tissues  including  heart  (Sutherland,  1950;  and  Ellis,  1959). 

The  rate  of  glycogeno lysis  appears  to  depend  upon  the  activity  of 
phosphorylase  (Krebs  and  Fischer,  1955;  Cori  and  Illingworth,  1956; 
and  Morgan  and  Parmeggiani,  1963).  As  a  consequence  of  glycogenolysis , 
glycogen  is  converted  into  glucose- 1-phosphate  which  is  further 
metabolized.  It  has  been  shown  that  during  adrenaline  stimulated 
glycogenolysis  in  perfused  rat  heart  phosphof ructokinase  is 
activated  by  an  increase  in  the  levels  of  inorganic  phosphate,  AMP 
and  ADP  (Williamson,  1965)  .  Activation  of  glycolysis  by  adrenaline 
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has  been  demonstrated  in  the  perfused  rat  heart.  Glycogen  is 
metabolized  to  lactate  very  rapidly  within  the  first  minute  of 
adrenaline  action.  The  conversion  of  phosphorylase  b  to  a  is 
associated  with  a  rapid  decrease  of  cardiac  glycogen  and  appearance 
of  lactate  (Williamson,  1964b) .  Adrenaline  and  INA  in  the  present 
work  were  found  to  increase  the  APD  and  contractile  force  of 
guinea  pig  papillary  muscle  reduced  in  low  glucose  Krebs  solution. 
Similar  effects  on  the  APD  have  been  reported  in  rat  atrium 
(Webb  and  Hollander,  1956);  in  rabbit  atrium  (Vaughan-Williams ,  1964); 
in  rat  ventricle  (Gargouil  et  al.,  1958);  in  frog  ventricle 
(Hoffman  and  Cranefield,  1960;  and  Flekenstein,  1964);  in  dog 
purkinje  fibres  (Hoffman  and  Cranefield,  1960);  and  in  cat 
papillary  muscle  (MacLeod  and  Daniel,  1965)  .  Reiter  and  Schbber 
(1965)  reported  that  adrenaline  shortened  the  APD  at  a  higher 
calcium  concentration  (9.6  niM)  but  that  it  prolonged  it  at  lower 
concentrations  of  calcium  in  guinea  pig  papillary  muscle.  It  is 
known  that  catecholamines  produce  a  transformation  of  phosphorylase  b 
to  phosphorylase  a  in  the  heart  (Heilmrich  and  Cori,  1964;  Rail  and 
Sutherland,  1958;  Krebs  et  al.,  1959;  Ellis  et  al.,  1959;  and 
Butcher  and  Sutherland,  1962;  Kukovetz  et  al.,  1959;  Belford  and 
Feinleib ,  1959;  Mayer  and  Moran,  1960;  and  Robinson  et  al.,  1965; 
Dhalla,  1966a,  1966b;  Drummond  and  Duncan,  1966;  and  Drummond  et  al., 
1966).  Ellis  et  al.,  (1959)  reported  that  adrenaline  increased 
glycogeno lysis  and  phosphorylase  activity  in  guinea  pig  heart. 

Vincent  and  Ellis  (1963)  demonstrated  a  correlation  between 
glycogeno lysis  and  force  of  contraction. 
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The  present  work  indicates  that  there  is  a  correlation 
between  the  INA  induced  increase  in  force  of  contraction  and  in¬ 
crease  in  APD.  The  results  are  in  agreement  with  those  for  adrena¬ 
line  in  frog  ventricular  strip  (Fleckenstein,  1964) ;  in  rabbit 
atrium  (Vaughan-Williams ,  1964;  Webb  and  Hollander,  1956);  in 
guinea  pig  papillary  muscle  (Reiter  and  Schbber,  1965) .  A  cor¬ 
relation  between  cardiac  contractility  and  phosphorylase  activity 
with  adrenaline,  noradrenaline  and  INA  has  been  reported  by  various 
workers,  (Hess  and  Haugaard,  1958;  Kukovetz  et  al.,  1959;  Belford 
and  Feinleib,  1959;  Mayer  and  Moran,  1960;  Lacroix  and  Leusen,  1961; 
Cotton  and  Moran,  1961;  Hess  et  al.,  1962;  Drummond  et  al.,  1965; 
Dhalla,  1966;  Drummond  and  Duncan,  1966;  and  Drummond  et  al.,  1966). 
The  results  show  that  there  is  a  rapid  increase  in  APD  and  mechanical 
activity  that  reaches  a  maximum  in  30  seconds  and  continues  at  that 
level  for  1  to  2  minutes  after  which  they  begin  to  decrease  together. 

A  similar  correlation  between  phosphorylase  activity  and  metabolic 
activity  in  rat  perfused  heart  has  been  observed  by  Williamson 
(1964b),  who  observed  a  rapid  increase  in  phosphorylase  activity 
reaching  a  maximum  activity  in  twenty  seconds.  Peak  phosphorylase 

activity  was  maintained  for  about  one  minute  and  thereafter  slowly 
decreased,  reaching  control  level  after  30  minutes.  Changes 
similar  to  the  increase  in  phosphorylase  a  were  obtained  in  lactic 
acid  formation  (Williamson,  1964b) .  It  increased  16  fold  within 
one  minute,  remained  elevated  for  a  further  minute  before  falling 
rapidly  to  3-5  times  control.  That  lactate  formed  was  derived  from 
glycogen  has  also  been  reported  by  the  same  worker.  Glycogenolysis 
and  lactate  production  approximately  paralleled  phosphorylase 
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activity  and  glycogen  was  shown  to  be  the  major  source  of  medium 
lactate  (Williamson,  1964b) . 

When  the  relative  increase  in  the  APD  with  INA,  adrenaline 
and  noradrenaline  is  considered,  the  order  of  potency  is  as  follows: 

INA:  noradrenaline:  adrenaline::  4.4:  1.45:  1.0.  These  values  are 
similar  to  those  of  Kukovetz  et  al.,  (1959)  when  their  effect  of 
phosphory lase  activation  and  of  increasing  contractile  force  were 
measured.  Cotton  and  Pincus  (1955)  found  an  almost  similar  correlation 
when  they  measured  the  activity  of  these  agents  on  the  cardiac  force 
of  contraction.  It  has  been  demonstrated  that  the  order  of  potency 
in  activation  of  phosphory lase  closely  parallels  inotropic  potency, 
i.e.,  INA^ noradrenaline  =  adrenaline  (Mayer  and  Moran,  1960);  a  similar 
relative  potency  has  been  reported  in  the  formation  of  S'^'-AMP 
(Murad  et  al.,  1960).  The  relative  potency  of  increasing  the 
glucose-6-phosphate  content  of  the  heart  has  been  reported  to 
closely  parallel  the  known  positive  inotropic  activity  of  catechol¬ 
amines  (Belford  and  Feinleib,  1962).  Phenylephrine  produced  a  small 
increase  in  the  APD  and  mechanical  activity  in  very  high  concentrations. 
Thus  it  appears  that  sympathomimetic  agents  which  increase  the 
mechanical  activity  also  increase  the  APD  while  those  which  do 
not  have  any  effect  on  mechanical  activity  do  not  increase  the 
APD.  No  similar  measurements  of  the  effects  of  these  agents  on 
the  APD  and  mechanical  activity  of  ventricular  have  been  made. 

However,  a  direct  correlation  between  positive  inotropic  effect 
of  sympathomimetic  amines  and  activation  of  phosphorylase  has  been 
reported  (Hess  and  Hangaard,  1958;  Kukovetz  et  al.,  1959;  Mayer 
and  Moran,  1960) .  They  reported  that  INA,  adrenaline  and  noradrenaline 
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which  increased  contractile  force  also  increased  phosphorylase 
activity,  phenylephrine  which  even  in  high  concentrations  was 
capable  of  eliciting  only  a  moderate  effect  on  contractile  force, 
produced  a  small  increase  in  phosphorylase  a,  while  methoxamine, 
which  has  no  positive  inotropic  effect,  was  ineffective  in 
activating  phosphorylase.  Drummond  et  al.,  (1966)  in  perfused 
rat  heart  demonstrated  that  adrenaline  and  INA  increased 
phosphorylase  b  kinase  activity  while  methoxamine  was  without 
effect . 

In  the  present  series  of  experiments  it  was  observed 
that  acetylcholine  itself  decreased  the  APD  and  markedly  antagonized 
the  effect  of  INA  on  the  APD.  Reduction  in  the  action  potential 
duration  by  acetylcholine  has  been  reported  in  guinea  pig  auricle 
(Fleckenstein,  1964),  in  rat  auricle  (Webb  and  Hollander,  1956), 
in  rabbit  auricle  (Vaughan-Williams ,  1964),  in  frog  purkinje  fibres 
(Hoffman  and  Cranefield,  1956) .  It  has  been  reported  by  Flecken¬ 
stein  (1964)  that  adrenaline  and  acetylcholine  could  be  considered 
as  true  antagonists  with  respect  to  their  specific  influence  on 
the  APD  of  cardiac  muscle.  Vincent  and  Ellis  (1963)  have  concluded 
in  guinea  pig  heart  that  acetylcholine  completely  antagonizes  the 
glycogenolytic  effect  of  adrenaline,  since  simultaneous  infusion 

of  acetylcholine  and  adrenaline  results  in  no  increases  in  glyco- 

a 

genolysis  and  in/marked  reduction  in  chronotropic  and  inotropic 
actionsof  adrenaline.  Murad  et  al.,  (1962)  also  demonstrated  an 
inhibitory  affect  of  acetylcholine  on  the  cyclic  3’,5'-AMP  formation 
in  dog  and  rabbit  heart.  Endogenously  liberated  acetylcholine  has 
been  shown  to  inhibit  the  phosphorylase  activating  effect  of 
adrenaline  in  situ  (Nakatani,  1963)  .  A  decreased  level  of 
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phosphorylase  a  has  been  reported  in  the  rat  heart  by  acetylcholine 
or  vagal  stimulation  (Hess  et  al.,  1961). 

In  a  further  series  of  experiments  on  the  effects  of 
adrenaline  on  the  APD  it  was  observed  that  the  (3-adrenergic  blocking 
drug  propranolol  completely  antagonized  the  effect  of  adrenaline  on 
the  APD  and  contractile  force,  while  the  Ctf-adrenergic  blocking  drug 
(priscoline)  did  not.  These  results  on  mechanical  activity  are  in 
agreement  with  those  of  Nickerson  (1949),  Moran  and  Perkins  (1958) 
and  Furchgott  (1959).  No  reports  on  the  effect  of  alpha  or  beta- 
adrenergic  blocking  agent  on  the  effect  of  catecholamines  on  the  APD 
are  available. 

It  is  now  generally  agreed  that  the  metabolic  stimulating 
effect  of  catecholamines  in  the  heart  is  elicited  by  an  association 
with  a  beta-adrenergic  receptor  site.  Adrenaline  induced  phosphorylase 
activation  has  been  reported  to  be  blocked  by  various  beta-adrenergic 
blocking  agents , propranolol ,  pronethalol  and  DCI ,  while  alpha- 
adrenergic  blocking  agents, piperoxan,  phenoxybenzamine  were  found 
to  be  ineffective  in  this  respect  in  various  cardiac  tissues  (Ali 
et  al.,  1964;  Mayer  and  Moran,  1960;  Hornbrook  and  Brody,  1963;  and 
Dhalla,  1966b) .  DCI  has  been  reported  to  block  both  the  increase  in 
contractile  force  and  the  augmentation  of  phosphorylase  activity 
produced  by  catecholamines  (Mayer  and  Moran,  1959,  1960).  The  beta- 
adrenergic  blocking  agent  DCI  has  also  been  shown  to  reduce  the 
catecholamine  induced  formation  of  3',5'-AMP  by  dog  heart  adenyl- 
cyclase  (Murad  et  al.,  1962).  The  increase  in  phosphorylase  b 
kinase  activity  and  positive  inotropic  effect  of  adrenaline  has  been 
shown  to  be  blocked  by  DCI  and  nethalide  (Drummond  et  al.,  1966). 
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Vincent  and  Ellis  (1963)  also  reported  that  DCI  inhibited  the  glyco¬ 
genolytic  and  the  positive  inotropic  effect  of  adrenaline  in  guinea 
pig  heart.  The  increases  in  phosphorylase  a  and  B’^'-AMP  caused  by 
adrenaline  have  been  reported  to  be  blocked  by  DCI  (Hainmermeister 
et  al . ,  1965) . 

Since  the  glycogenolytic  effect  of  catecholamines  appears 
to  accompany  their  effect  on  APD  and  contractile  activity,  the 
glycolytic  inhibitor  IAA  was  used  to  determine  the  interrelationship 
between  the  two  effects.  It  was  observed  that  while  IAA  completely 
blocked  the  effect  of  INA  on  the  APD,  it  was  only  partially  effective 
in  antagonizing  the  effect  of  INA  on  the  mechanical  activity.  This 
indicates  that  a  sympathomimetic  amine- induced  increase  in  the  APD 
is  mainly  dependent  upon  adequate  glycolytic  metabolism  but  an 
increase  in  contractile  activity  due  to  sympathomimetic  amines  is 
only  partly  dependent  upon  glycolysis.  By  using  IAA,  Ellis  (1952) 
demonstrated  that  the  energy  producing  steps  of  the  Emb den -Meyerhof 
pathway  are  not  essential  for  the  positive  inotropic  effect  of 
adrenaline  on  the  frog  heart.  It  has  also  been  shown  that  the 
effect  of  adrenaline  on  force  of  contraction  is  not  dependent  on 
metabolic  energy  derived  from  oxidative  metabolism  or  that  derived 
from  carbohydrate  metabolism  through  the  Embden-Meyerhof  glycolytic 
pathway  (Ellis  and  Beckett,  1954).  The  glycogenolytic  effect  of 
catecholamines  may  be  associated  with  their  effect  on  mechanical 
activity  provided  that  the  steps  in  glycogenolysis  prior  to  energy 
yielding  reaction  of  Embden-Meyerhof  pathway  are  involved.  That 
hexosephosphate  may  play  a  role  in  catechol  induced  muscle  con¬ 
traction  has  been  suggested  by  various  workers  (Ellis,  1959, 

Chance  and  Williamson,  1965) . 
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From  these  observations  it  has  become  certain  that  the  APD 
is  closely  associated  with  energy  derived  from  the  glycolytic  pathway 
of  glucose  metabolism.  The  contribution  of  the  glycogenolytic  effect 
and  hence  the  increase  in  glycolysis,  of  catecholamines  to  the  increase 
in  APD  is  further  substantiated  by  the  findings  that  2-deoxyglucose, 
which  blocks  the  glycolytic  pathway  by  inhibiting  phosphoglucoisomerase 
(Ferri  et  al.,  1959  and  Yang,  1963),  antagonized  the  effect  of  INA 
on  the  APD.  Here  again  the  increased  mechanical  activity  due  to  INA 
was  less  sensitive  than  the  increase  in  the  APD  to  the  action  of 
2-deoxyglucose.  In  high  concentration  however,  2-deoxyglucose 
completely  blocked  the  INA  induced  increase  in  mechanical  activity. 

It  has  been  suggested  that  2-deoxyglucose  might  act  at  other  sites  of 
glucose  metabolism  in  addition  to  its  action  on  the  glycolytic  path¬ 
way  (Hochster  and  Quastel,  1963).  Yang  (1963)  has  reported  that 
2-deoxyglucose  blocks  the  glycolytic  pathway  as  does  iodoacetate 
and  that  the  effect  can  be  easily  reversed.  He  further  suggested  a 
glycolytic  contribution  to  the  electrical  and  mechanical  activity  of 
rabbit  atria. 

If  catecholamines  increase  the  APD  by  increasing  glyco- 
genolysis,  then  they  should  be  ineffective  in  increasing  the  APD 
when  the  glycogen  store  is  depleted.  It  was  observed  that  while 
adrenaline  was  ineffective  in  increasing  the  APD,  it  could  still 
increase  the  contractile  force  in  supposedly  glycogen  depleted 
papillary  muscle.  Depletion  of  substrate  in  electrically  stimulated 
heart  in  glucose  free  medium  equilibrated  with  957o  N^^T,  CO^  has 
been  reported  (Webb,  1950;  and  Webb  and  Hollander,  1956).  These 
results  again  indicate  that  adrenaline- induced  glycogenolysis  is 
accompanied  by  an  increase  in  the  APD  whereas  the  adrenaline- induced 
increase  in  the  mechanical  activity  may  not  be  dependent  upon 
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energy  derived  from  glycogenolysis .  Also  the  effects  of  adrenaline 
in  the  presence  of  phlorizin  indicated  that  an  increase  in  glucose 
transport  and  in  intracellular  free  glucose  are  not  responsible 
for  the  adrenaline  induced  increase  in  APD. 

To  further  substantiate  the  findings  with  catecholamines 
the  effects  of  the  methylxanthine,  aminophylline,  which  is  supposed 
to  increase  glycogenolysis  was  investigated.  Aminophylline  was 
found  to  increase  the  APD  and  mechanical  activity  of  papillary 
muscle  which  had  been  reduced  in  low  glucose  Krebs  equilibrated  with 
It  was  observed  that  the  effects  of  aminophylline  were 
not  blocked  by  the  beta-adrenergic  blocking  agent,  propranolol.  Hess 
and  Haugaard  (1958)  first  observed  that  the  concentration  of  amino¬ 
phylline  (1  mg/ml)  which  stimulated  cardiac  contraction  also  increased 
phosphorylase  activity.  Since  then  various  workers  in  this  field 
have  demonstrated  an  increase  in  phosphorylase  activity  due  to 
aminophylline  in  different  cardiac  muscle  (Mayer  and  Moran,  1960; 

Kukovetz  and  P8ch,  1962;  Hess  et  al.,  1963;  and  Dhalla  and  McLain,  1966). 
The  methylxanthines  have  been  shown  to  promote  accumulation  of 
3I,5,"AMP  which  in  turn  stimulates  phosphorylase  b  kinase,  the 
enzyme  catalyzing  the  transformation  of  phosphorylase  b  to  a  (Rail 
and  Sutherland,  1958;  Butcher  and  Sutherland,  1962;  and  Murad  et  al., 
1962) .  Theophylline  has  been  observed  to  inhibit  phosphodiesterase 
which  inactivates  3,,5I-AMP  (Sutherland  and  Rail,  1958;  and  Butcher 
and  Sutherland,  1962).  Vincent  and  Ellis  (1963)  showed  that 
theophylline  increased  glycogenolysis  and  contractility  of  guinea 
pig  myocardium.  Recent ly(Dhalla  1966  b)  has  reported  that 
increased  phosphorylase  activity  and  contractile  activity  is  not 
blocked  by  beta-adrenergic  blocking  agents.  This  indicates  that 
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the  beta-adrenergic  blocking  agents  act  at  a  site  above  the  formation 
of  3', 5' -AMP  in  the  scheme  of  adrenaline-induced  glycogeno lysis  shown 
in  page  23. 

The  observations  so  far  made  in  the  present  investigation 
have  conclusively  demonstrated  that  the  maintenance  of  the  normal  APD 
is  linked  with  energy  production.  Practically  every  kind  of  energy 
expenditure  by  the  cell,  including  active  transport  is  associated 
with  the  breakdown  of  ATP  whether  the  energy  provided  by  the  hydrolysis 
of  terminal  phosphate  is  supplied  directly  or  through  additional 
intermediary  steps.  It  is  not  only  the  production  of  energy  but  its 
utilization  that  is  important  for  cellular  activities.  It  is  thus 
imperative  that  agents  which  affect  utilization  of  energy  should 
affect  cellular  function. 

Propagation  of  the  cardiac  action  potential  is  associated 
with  loss  of  potassium  and  accumulation  of  sodium  in  the  cell.  In 
order  for  the  fibres  to  remain  excitable,  it  is  necessary  that  the 
potassium  be  transported  into  and  the  sodium  out  of  the  cell  by  an 
active  process.  Since  there  exists  a  relationship  between  ATP 
metabolism  and  ion  transport  (Skou,  1965  a  &  b) ,  it  seemed  possible  that 
repolarization  in  cardiac  muscle  might  be  related  to  the  utilization 
of  ATP  for  the  active  transport  of  sodium  and  potassium.  The  main 
problem  is  the  conversion  of  metabolic  energy  into  a  movement  of 
ions  against  an  electrochemical  gradient.  Skou  (1957  and  1960) 
showed  that  the  ATP-ase  activity  of  the  microsomal  fraction  of 
crab  nerve,  presumed  to  contain  membrane,  possessed  the  ability  to 
split  (hydrolyze)  energy  rich  phosphate  (ATP).  The  ATP-ase 
activity  was  stimulated  by  the  combined  presence  of  Na+  and  K+. 
Subsequently  an  enzyme  system  which  hydrolyses  ATP  has  been  found 
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in  the  microsomal  fraction  of  the  heart  muscle  cell  (Bonting  et  al., 

1962,  Auditore  and  Murray,  1962;  Schwartz,  1962;  Schwarta  and  Laseter, 

1963;  Lee  and  Yu,  1963;  Sommer  and  Spach,  1964;  Schwartz,  1964; 

Krespi  et  al.,  1964;  Katz  et  al.,  1966;  Potter  et  al.,  1966; 

Tashima  et  al.,  1966;  and  Kosmider  et  al.,  1966. 

Ouabain  which  is  a  specific  inhibitor  of  transport  ATP-ase 

and  in  a  sense  an  inhibitor  of  energy  utilization  in  low  concentrations 
-9 

(10  M)  slightly  increased  the  APD  of  guinea  pig  papillary  muscle 
although  this  increase  was  insignificant.  It  had  no  effect  on  the 
mechanical  activity 

”  8 

Ouabain  at  a  concentration  of  10  M  had  almost  no  effect  on 

mechanical  activity  but  produced  a  definite  increase  in  the  APD. 

“  8 

Concentrations  of  ouabain  higher  than  10  M  always  produced  a 
marked  increase  in  the  force  of  contraction  and  a  marked  reduction 
in  the  APD.  It  was  also  observed  that  in  the  absence  of  glucose 
the  increase  in  force  of  contraction  was  less  marked  while  the  de¬ 
crease  in  APD  was  more  marked  suggesting  that  for  both  activities 
glucose  metabolism  is  important. 

These  findings  of  a  marked  reduction  in  APD  concomitant 
with  a  marked  increase  in  the  force  of  contraction  in  guinea  pig 
papillary  muscle  with  ouabain  are  in  agreement  with  those  in  cat 
papillary  muscle  (Dudel  and  Trautwein,  1958) ,  in  sheep  heart 
(Kassebaum,  1963),  in  trabeculae  carnae  of  sheep  and  calf  (MUller, 

1964  and  1965),  in  frog  heart  (Lee  and  Woodbury,  1958),  in  guinea 
pig  papillary  muscle  (Stickel  and  Reiter,  1965  and  Reiter  et  al., 
1966),  and  in  dog  purkinje  fibres  (Dudel  and  Trautwein,  1958  and 
Klaus  et  al.,  1962).  It  has  been  stressed  that  the  inotropic 
effect  of  cardiac  glycosides  can  not  be  correlated  with  observed 
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changes  of  the  action  potential  (Dudel  and  Trautwein,  1958;  and 
Kassebaum,  1963) .  However,  Mttller  (1965)  using  simultaneous 
measurement  of  isometric  tension,  transmembrane  potential  and  intra¬ 
cellular  potassium  content  came  to  the  conclusion  that  there  is  a 
temporal  parallelism  between  cellular  potassium  loss,  reduction  in 
APD  and  positive  inotropic  effect.  A  similar  correlation  has 
been  reported  by  Reiter  et  al.,  (1966)  in  guinea  pig  papillary 
muscle. 

The  reduction  in  the  APD  with  high  concentrations  of  ouabain 
••  7  —  6 

(10  and  10  m)  may  be  explained  on  the  basis  of  inhibition  of  the 
enzyme  ATP-ase  which  is  responsible  for  the  utilization  of  ATP  for 
active  transport  of  potassium  and  sodium.  The  transport  ATP-ase 
has  been  reported  to  be  inhibited  by  cardiac  glycosides  in  guinea 
pig  heart  (Repke  and  Portius,  1963;  Repke,  1963;  Repke  et  al.,  1965; 
Auditore  and  Murray,  1962;  Schwartz  and  Laseter,  1963;  Lee  and  Yu, 
1963;  Schwartz,  1964;  Krespi  et  al.,  1964;  and  Potter  et  al.,  1966) 
and  in  the  rat  heart  (Schwartz,  1962;  Kosmider  et  al.,  1966;  and 
Tashima  et  al.,  1966).  The  increase  in  the  mechanical  activity  may 
be  due  either^ to  an  increased  diversion  of  ATP  towards  the  contractile 
elements  or  to  an  increase  in  the  myosin  ATP-ase  activity  (Kosmider 
et  al.,  1966)  or  due  to  increased  net  influx  of  calcium  during  de¬ 
polarization  (Reiter  et  al.,  1966). 

~8 

It  was  surprising,  however,  that  10  M  ouabain  produced 
an  increase  in  the  APD.  This  can  be  explained  on  the  basis  of  the 
stimulation  of  membrane  ATP-ase  at  lower  ouabain  concentrations 
that  was  observed  in  guinea  pig  heart  (Repke,  1963).  He  observed 
a  distinct  stimulation  of  ATP-ase  at  concentrations  of  10  ^  to 
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K-strophanthoside.  The  maximum  stimulation  was  observed 
at  10“ 10  M  K-strophanthoside.  In  the  present  investigation, 
however,  10  M  ouabain  was  found  to  be  maximally  effective. 

If  ouabain  reduces  the  APD  due  to  inhibition  of  ATP-ase 
which  is  involved  in  the  utilization  of  ATP,  then  the  high  concen¬ 
tration  (10  8M)and  low  concentration  (10  or  10  8M)  of  ouabain 
should  reduce  or  increase  respectively  the  effect  of  those  agents 
which  have  been  shown  to  increase  the  reduced  APD.  In  the  present 
investigation,  ouabain  10~°M  was  able  to  reduce  the  effect  of 
increased  glucose  concentration,  INA  and  aminophylline  on  the  APD. 
The  effect  of  these  agents  on  force  of  contraction  was,  however, 
not  changed  except  in  the  case  of  higher  concentrations  of  glucose 
where  the  effect  on  contractile  activity  was  potentiated.  Although 
energy  production  is  probably  increased  with  increased  glucose,  INA 
and  aminophylline,  its  utilization  is  reduced  due  to  inhibition  of 
ATP-ase  by  ouabain  and  hence  there  occurs  a  reduction  of  the  effect 

of  these  substances  on  the  APD  in  the  presence  of  ouabain.  The 

-9 

lower  concentration  (10  M)  of  ouabain  in  the  present  investigation 
was  found  to  potentiate  the  effect  of  INA  on  the  APD.  Such  an 
effect  is  to  be  expected  if  lower  concentrations  of  ouabain  produce 
a  stimulation  of  the  ATP-ase  as  has  been  reported  by  Repke  (1963). 

Calcium  is  another  agent  which  has  been  reported  to 
inhibit  membrane  ATP-ase  (Skou,  1957)  and  calcium  has  been  found 
to  reduce  the  APD  and  increase  mechanical  activity.  Not  only  did 
calcium  increase  the  rate  of  reduction  of  the  APD  of  the  guinea 
pig  papillary  muscle  but  it  also  consistently  reduced  the  effect 
of  INA  on  the  reduced  APD.  These  findings  on  APD  and  mechanical 
activity  with  calcium  are  in  agreement  with  those  reported  for 
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guinea  pig  papillary  muscle  (Fleckenstein,  1964)  rabbit  papillary 
muscle  (Fleckenstein,  1964),  purkinje  fibres  of  dog  (Temte  and  Davis, 
1967)  ,  atrial  and  ventricular  fibres  in  dog  (Hoffman  and  Suckling, 
1956),  sinoatrial  node  of  rabbits  (Seifen  et  al.,  1964)  and  in 
ventricular  fibres  of  the  frog  heart  (Ware  et  al.,  1960  and  Ware, 
1961)  .  These  results  with  calcium  can  be  explained  on  the  basis 
of  its  ability  to  inhibit  membrane  ATP-ase.  Membrane  transport 
ATP-ase  has  been  reported  to  be  inhibited  by  high  calcium  in  guinea 
pig  heart  (Repke,  1963  and  1964).  Repke  et  al.,  1965  reported 
inhibition  of  ATP-ase  by  calcium  in  the  heart  of  dog,  cat,  man, 
pigeon,  guinea  pig,  frog,  rat  and  toad.  Calcium  has  been  reported 
to  inhibit  ATP-ase  by  occupying  the  transport  locus  of  sodium  ions 
at  the  inner  surface  of  the  cell  membrane  (Hoffman,  1962) . 

It  seems  evident  from  the  information  provided  by  this 
study  that  there  exists  a  mechanism  whereby  the  energy  requirements 
of  the  cardiac  muscle  cell  membrane  are  met  in  preference  to  those 
of  muscle  contraction.  As  such  we  find  that  the  transmembrane 
electrical  activity  is  maintained  under  conditions  in  which  con¬ 
tractile  activity  is  virtually  absent.  Two  possibilities  may  be 
considered  in  the  way  of  explanation.  The  first  is  that  whereever 
it  is  produced  ATP  is  directed  primarily  towards  the  membrane. 

Since  the  mitochondria  are  the  most  clearly  established  sites  of 
ATP  production,  this  requires  transport  of  ATP  from  these  units 
to  the  membrane.  Since  the  electrical  activity  is  maintained  at 
control  level  by  aerobic  metabolism  following  poisoning  by  IAA, 
it  is  clear  the  membrane  can  be  supplied  with  ATP  from  the  cellular 
"pool".  However,  when  aerobic  metabolism  is  inhibited,  glycolysis 
maintains  membrane  activity  in  sharp  preference  to  contractile 
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activity.  This  would  seem  to  indicate  that  ATP  produced  by  glycolysis 
does  not  pass  to  the  cellular  "pool"  for  redistribution.  This  suggests 
a  second  possibility  that  the  glycolytic  enzymes  are  all  or  partly 
located  in  or  on  the  cell  membrane  in  such  a  manner  that  the  sites 
of  ATP  production  and  utilization  are  closely  approximated.  This 
second  possibility  eliminates  the  need  for  some  preferential  transport 
of  ATP  to  the  membrane  and  maybe  tested  to  some  extent  by  looking 
for  suitable  enzymes  in  cardiac  muscle  cell  membrane  preparations. 

In  any  event  it  is  clear  that  cell  membrane  electrical 
activity  may  be  maintained  in  the  absence  of  oxygen  provided  there 
exists  a  sufficient  supply  of  glucose  and/or  an  adequate  rate  of 
glycolysis . 

a 

The  concept  of/carrier  system  for  the  transport  of  sugars 
in  the  muscle  has  emerged  from  the  work  of  Morgan  et  al.,  1960  a 
and  1958  b;  1961a  and  1964)  Bleehen  and  Fisher  (1954);  Randle  and 
Smith  (1958a  and  1958b);  Narahara  et  al.  (1960);  Park  et  al. 

(1956  and  1959);  and  Rosenberg  and  Wilbrandt  (1957). 

If  carrier  can  be  modified  in  some  manner  as  suggested  by 
Daniel  (1964)  to  carry  more  than  one  molecule  or  ion,  it  is 
conceivable  that  an  interrelationship  could  exist  between  glucose 
and  potassium  transport  as  has  been  suggested  by  MacLeod  and  Daniel 
(1965)  .  A  possible  link  between  active  transport  of  electrolytes 
and  nonelectrolytes  has  been  demonstrated  by  Csaky  et  al.  (1961) 
and  Csaky  (1963) .  Evidence  for  common  carrier  for  the  transport 
of  sugars  and  amino  acids  in  the  intestine  has  been  reported  by 
Alvarado  (1966) .  He  demonstrated  that  D-galactose,  L-arginine  are 
both  transported  by  a  similar  sodium  ion  dependent  mechanism  and 
elicit  counter  transport  of  each  other.  All  may  share  a  common 
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polyfunctional  carrier  in  which  a  series  of  separate  binding  sites, 
one  each  for  sugar,  amino  acid  and  sodium  are  joined  together  as  in 
a  mosaic  (Alvarado,  1966).  The  polyfunctional  nature  of  the  carrier 
has  been  proposed  by  Wong  (1965).  If  this  concept  of  a  polyfunctional 
nature  of  mobile  carrier  is  accepted  then  on  the  basis  of  the 
results  obtained  in  the  present  series  of  experiments  the  following 
simplified  model  can  be  suggested  to  explain  the  maintenance  of 
normal  action  potential  duration  in  cardiac  muscle  (Fig.  49): 
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Fig.  49.  Proposed  model. 

Thick  lines  and  thin  lines  with  arrows  indicate  respectively 
the  active  and  passive  transport  cycle.  S  =  sugar, 

C  =  free  carrier  (unoccupied  carrier) ,  CS  =  carrier-sugar 
complex,  OP  =  phosphorylated  carrier,  CK  =  carrier-potassium 
complex,  K  =  potassium,  Na  =  sodium,  C*iP-Na  =  phosphorylated 
carrier-sodium  complex,  C-P-K  =  phosphorylated  carrier- 
potassium  complex,  Pj_  =  inorganic  phosphate,  ATP  =  Adenosine 
triphosphate,  ADP  =  Adenosine  diphosphate. 
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According  to  this  model  sugar  on  the  outside  of  the  membrane 
(S)  combines  with  a  carrier  substance,  C,  on  the  outer  surface  of  the 
membrane  to  become  complex,  CS,  which  crosses  the  membrane  and  then 
dissociates  to  release  free  sugar,  S,  on  the  inside  of  the  cell. 

Some  of  the  free  carrier,  C,  on  the  inside  of  the  membrane  is 
phosphorylated  by  the  breakdown  of  ATP  to  ADP  catalyzed  by  the 
hydrolyzing  enzyme  ATP-ase.  The  remaining  free  carrier  on  the 
inside  surface  of  the  cell  combines  with  the  inside  potassium  to 
form  carrier-complex  potassium,  CK,  which  cross  the  membrane  and  then 
dissociate  to  release  free  potassium,  K,  on  the  outside  of  the  cell. 

The  free  carrier  on  the  inside  surface  of  the  cell  then  becomes 
available  to  carry  sugar  inside  again. 

The  phosphorylated  carrier  on  the  inside  surface  of  the 
membrane  C^3P,  combines  with  Na+  and/or  sugars  which  are  not  metabolized, 
to  form  phosphorylated  carrier- sodium  complex  or  phosphorylated-carrier- 
sodium- sugar  complex,  CU^P-Na  or  Ct/iP-Na-S,  which  crosses  the 
membrane  and  releases  free  sodium,  Na,  or  free  sugar  or  both  outside 
the  cell.  The  phosphorylated  carrier  on  the  outside  of  the  membrane 
C*OP,  then  changes  to  C-P  and  combines  with  K+  on  the  outer  surface 
of  the  membrane  to  form  phosphorylated  carrier-potassium  complex,  C-P-K, 
which  traverses  the  cell  membrane  to  release  free  potassium  K  and  inorganic 
phosphate,  P^ ,  on  the  inside  of  the  cell  and  the  free  carrier,  C, 
then  joins  the  common  pool  of  free  carrier. 

The  model  assumes  that  phosphorylated  carriers  are  con¬ 
cerned  with  the  active  transport  of  sodium,  potassium  and  sugars 
and  that  nonphosphorylated  carriers  are  concerned  with  facilitated 
diffusion  of  sugars  and  potassium  during  electrical  activity  of 
the  muscle  cell. 
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On  the  basis  of  this  model  a  "normal"  APD  would  be  expected 
when  "normal"  amounts  of  energy  are  produced  and  utilized.  In  such 
a  case  only  a  certain  number  of  free  carriers  on  the  inside  of  the 
membrane  will  be  available  for  combination  with  potassium  and  will 
regulate  K  efflux.  Here  there  are  two  factors  which  are  important, 
energy  production  as  ATP  and  hydrolysis  of  ATP  by  ATP-ase  to  phospho- 
rylate  the  carrier.  Variations  in  these  two  factors  will  lead  to 
variations  in  the  APD  if  repolarization  is  thought  to  be  due  to 
increased  efflux  of  potassium  during  activity  (Weidmann,  1956  and 
1961;  Hutter  and  Noble,  1960;  Noble,  1962;  Carmeliet,  1960;  Woodbury, 
1962;  Hodgkin  and  Keynes,  1955;  Coraboeuf  et  al.,  1958a;  Wilde,  1957; 
Lorber  et  al.,  1962). 

When  ATP  production  for  any  reason  is  decreased  then  there 
will  be  a  smaller  number  of  phosphorylat ed  carriers  and  a  greater 
number  of  free  carriers  so  the  outflux  of  potassium  will  increase 
leading  to  a  reduction  in  APD.  If  the  breakdown  of  ATP  is  inhibited 
by  inhibiting  ATP-ase,  there  will  be  fewer  phosphorylated  carriers 
and  a  greater  number  of  free  carriers;  again  there  will  be  an  increase 
in  the  potassium  efflux  and  hence  a  decrease  in  the  APD.  On  the 
same  basis  if  the  ATP  production  is  increased  or  ATP-ase  is  stimulated 
or  both,  there  will  be  increase  in  APD. 
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